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PREFACE 

The  Proceedings  of  the  NASA  Aircraft  Safety  and  Operating 
Problems  Conference  held  at  Langley  Research  Center,  Hampton, 
Virginia,  on  October  18-20,  1976,  are  reported  in  this  NASA 
Special  Publication. 

The  purpose  of  this  conference  was  to  discuss  the  results 
of  research  of  the  National  Aeronautics  and  Space  Administration 
in  the  field  of  aircraft  safety  and  operating  problems.  The 
program  components  Include  the  following: 

(1)  Terminal  Area  Operations 

(2)  Flight  Dynamics  and  Control 

(3)  Ground  Operations 

(4)  Atmospheric  Environment 

(5)  Structures  and  Materials 

(6)  Powerplant 

(7)  Noise 

(8)  Human  Factors 

Contributions  to  this  compilation  were  made  by  representatives 
from  NASA  Headqtiarters;  NASA  Ames,  Langley,  and  Lewis  Research 
Centers;  NASA  Dryden  Flight  Research  Center;  NASA  Johnson  Space 
Center;  NASA  Marshall  Space  Flight  Center;  NASA  Wallops  Flight 
Center;  the  Federal  Aviation  Administration;  The  George  Washington 
University,  Joint  Institute  for  Advancement  of  Flight  Sciences; 
University  of  Virginia;  University  of  Kansas;  General  Electric 
Company;  and  Beech  Aircraft  Corporation. 
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INTRODUCTORY  REIiARKS 

Kenneth  E.  Hodge 
NASA  Headquarters 


I’m  pleased  to  be  here  witVi  you  this  rooming  to  welcoroe  you  all  to  the 
Conference  on  behalf  of  NASA  Headquarters.  Your  participation  in  this  Confer- 
ence is  indicative,  I believe,  of  both  your  interest  and  the  interest  of  your 
organizations  in  NASA  research  prograros  which  address  aircraft  safety  and 
operating  problems. 


During  the  next  several  days  you  will  hear  reports  on  results  of  a number 
of  recently  completed  programs  and  status  reports  on  still  othei:  programs  now 
underway.  The  papers  cover  a wide  range  of  topics  - from  safety  in  flight  to 
safety  on  the  nmway,  from  problems  related  to  the  cockpit  environment  to 
problems  related  to  the  atmospheric  environment,  and  from  problems  induced 
by  one  aircraft  on  another  to  problems  induced  by  the  aircraft  on  airport 
neighbors.  Obviously  the  presentations  will  not  provide  solutions  to  alx 
these  problems.  We  are  hopeful  that  the  ideas  and  knowledge  reflected  by 
the  presentations  do  help  with  some  of  your  problems  and  provide  the  basis 
to  Improve  the  usefulness  of  air  vehicles  to  some  degree.  Many  times,  it 
seems,  our  problems  are  not  completely  eliminated  or  solved.  Today  s so- 
called  solutions  are  merely  acceptable  for  this  period  in  history.  New 
vehicles,  flight  regimes,  modes  of  operation,  and  levels  of  public  concern 
plo.ce  continuing  demands  both  for  more  refined  solutions  to  old  or  lingering 
problems  and  for  fresh  solutions  to  brand  new  problems:  problems  often 

spawned  by  the  use  of  new  vehicles  in  our  air  transporation  system.  And 
of  course  we  must  recognize  problems  which  could  occur  a^  a consequence  of 
extending  aircraft  operating  life-times  well  beyond  initial  design  objec- 
tives as  appears  to  be  t\  -endency  under  the  present  economic  environment. 


As  aviation’s  role  in  public  transportation  has  become  firmly  established, 
more  and  more  attention  has  been  devoted  to  ensuring  the  reliability , and 
therefore  the  safety,  of  flight.  Safety  is  difficult  to  define,  but  can 
be  thought  of  as  the  absence  or  control  of  factors  which  can  cause  injury, 
loss  of  life,  or  loss  of  property.  Survival  and  expansion  of  air  travel 
demand  the  lowest  operational  risk  commensurate  with  economic  well-being  of 
the  air  transportation  system.  Consequently,  the  field  of  aviation  safety 
and  operating  problems  provides  a continuing  challenge  to  raise  the  levels 
of  our  knowledge  and  understanding  of  the  aircraft  operating  environment. 


A difficult  and  formidable  task  confronts  the  research  planner  or 
headquarters  manager  who  is  called  upon  to  not  only  respond  to  identified 
problems  but  to  anticipate  where  the  next  serious  problem  area  \-fill  be. 
Funding  for  the  problems  of  tomorrow  is  difficult  to  justify,  and  impatience 
for  quick,  low-cost  solutions  to  difficult  problems  is  a natural  reaction. 
Despite  the  difficulty  of  the  task,  working  in  the  safety  research  and 
technology  area  is  exciting  and  provides  the  satisfaction  of  contributing 
towards  a most  worthwhile  goal:  reduction  of  suffering,  misery,  and  loss. 


Some  resLUirch  efforts  Imvo  Junt  roctently  l)oi.»n  In  I tin  tor];  too  tu*w  for  (‘vnn 
a status  report  at  thif^  t.  i’or  t-xomple,  on  NAI^A  Twin  uttor  lio';  l y 

been  modified  witli  o !»']>«'  nd  Inndiup,  iv  ni  t j i no!  Ic  i;  io 

investigate  trip, ear  crctnf'.  -u  i n<I  lonflinj',  nr(*hl<  nif»  and  nol'lnjclf;  nf  n::(<'ndinp,  rr  .i;.  . 
wind  limits  for  landing  of  STOI,  oirorolt. 

Wake  vortex  minlmixath^n  in  an  area  of  high-priority  researclj  in  NASA;  a 
survey  paper  is  included  In  this  Conference*  Wo  have  very  recently  been  askc»d 
by  FAA  to  examine  a number  of  quostions  whicli  must  he  answered  before  operational 
application  of  certain  promising  minimi  nation  concepts  wouid  be  proposed*  In 
addition  to  quantifying  benefits  and  costs,  we  are  presently  working  wLtli  i'AA 
on  details  of  additional  ground  tests  and  flight  research  with  the  most  promising 
concept  to  assess  possible  Impacts  on  noise,  approach  and  landing  p "»rformance, 
fuel  consumption,  structural  loads,  and  other*  ThivS  program  is  a coordinated 
effort  involving  the  Ames  and  Langley  Research  Centers  and  Dryden  Flight  Research 
Center*  I believe  this  Conference  to  be  a multifaceted  program  that  is  repre- 
sentative of  NASA’s  research  efforts  in  the  aviation  safety  and  aircraft  oper- 
ating problems  areas*  We  hope  you  will  enjoy  the  Crinference  and  benefit  from 
the  technical  papers  presented*  We  would  welcome  comments  on  how  the  Conference 
met  your  expectations  and  needs* 

This  Conference  is  historically  under  the  aegis  of  the  NASA  Research  and 
Technology  Advisory  Council,  Panel  on  Aviation  Safety  and  Operating  Systems. 

As  many  of  you  know,  our  Panel  Chairman  since  1969,  Frank  Kolk  of  American 
Airlines,  passed  ax^ay  last  summer*  Frank  would  have  liked  to  have  been  here 
and  would  want  us  to  carry  on  in  the  tradition  of  our  prior  Conferences,  and 
so  we  will! 
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REVIEW  OF  OPERATIONAL  ASPhCTIi  OF  INITIAL  EXPl.RIMKNTS  UTILIZING 

THE  U.S.  MLS 

Thomas  M.  Walsh,  Samuel  A.  Morello,  and  John  P.  Reeder 
NASA  Langley  Research  Center 


SUMMARY 

gxercise  to  support  the  Federal  Aviation  Administration  in  demonstrat” 
ing  the  U.S.  candidate  for  an  international  microwave  landing  system  (MLS) 
was  satisfactorily  accomplished  at  the  National  Aviation  Facilities  Experi~ 
mental  Center  in  May  1976.  It  was  demonstrated  that  in  automatic  three- 
dimensional  (3-D)  flight,  the  volumetric  signal  coverage  of  the  MLS  can  be 
exploited  to  enable  a commercial  carrier  class  airplane  to  perform  complex 
curved,  descending  paths  with  precision  turns  into  short  final  approaches 
terminating  in  landing  and  roll-out,  even  when  subjected  to  strong  and  gusty 
tail—  and  cross-wind  components  and  severe  wind  shear.  The  avionics  tech- 
nique used  in  the  demonstration  for  processing  and  utilization  of  the  MLS 
signals  is  illustrative  of  application  to  future  system  design. 

Of  equal  importance  were  the  advanced  displays  that  allowed  the  flight 
crew  and  observers  to  follow  the  flight  situation  and  aircraft  tracking  per- 
formance very  accurately  from  the  aft  flight  deck  cf  the  Terminal  Configured 
Vehicle  Program  Boeing  737  research  airplane  without  outside  reference.  Ele- 
ments of  these  displays  enabled  the  pilots  to  proceed  after  take-off  toward 
the  initial  way  point  of  the  flight  profiles,  where  automatic  3-D  flight  was 
initiated.  During  the  initial  phase  of  automatic  3-D  navigation,  elements 
of  the  displays  were  driven  by  conventional  navigation  signals.  Upon  entering 
the  MLS  coverage  region,  MLS  signals  were  used  to  drive  the  display  elements 
for  monitoring  of  the  automatic  control  system  performance  during  transition 
from  conventional  KNAV  to  MLS  RNAV;  curved,  descending  flight;  flare;  touch- 
down; and  roll-out.  Of  greater  importance,  particularly  with  respect  to 
Implications  for  future  systems,  the  displays  enabled  the-  pilots,  when  traf- 
fic situations  or  their  interruptions  occurred,  to  control  manually  for 
diversionary  maneuvers.  The  situation  presented  by  the  displays  was  clear 
enough  to  allow  the  pilots  to  perform  the  appropriate  maneuvers  readily  in 
the  RNAV  environment  to  reenter  the  desired  profiles  with  precision.  Such 
capability  is  lacking  today  in  commercial  operations  and  will  be  required 
for  acceptance  of  complex,  close-in  maneuvers  in  the  future.  In  addition, 
the  pilots  flew  several  manually  controlled  approaches  using  the  same  dis- 
play formats  that  had  been  used  for  monitoring  purposes  during  the  automatic 
flights.  Data  for  these  manual  approaches  indicate  that  the  perfortumice 
compares  favorably  with  the  performance  achieved  under  automatic  flight 
control. 
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Th*i  p.rowlnj'  coup.t  tit  Jon  i ,ii '<i  v/lii.  iiif  rapjtJ  I'xpanfllon  of  air  travel 

and  the  nolne  Impact  of  the  jet  IIimi  .u  riflphborti  have  led  to  tech- 

nology developments  In  ground  .'mil  .liilM.iiic  i J ootrttnlc  ayntema  and  in  noise  sup- 

preaaion.  In  thla  area,  ilic  ).i-|  n ■ i .iiD.iiortation  (DOT)  and  the  Federal 

Aviation  Admlnlatratlon  (FAA)  liavi  < t aKt  ii  an  effort  to  upgrade  the  oir 

traffic  control  system.  This  rcvhied  r,y!;i -m,  known  as  the  Upgraded  Thlrd- 
Generutlon  Air  Traffic  Oontrol  System  ATCS),  has  the  following  features 

(ref.  1); 

(1)  Intermittent  posltivi  coiurul 

(2)  Discrete  address  beacon  Hystom 

(3)  Area  navigation 

('0  Microwave  landing  syst(?m 

(5)  Upgraded  air  traffic  contru.L  tiuiomatlun 

(6)  Airport  surface  traffic  control 

(7)  Wake-vertex  avoidance  system 

(8)  Aeronautical  satellites  Cor  trausoceauLc  flight 

(9)  Automation  of  flight  service  stationi 

It  is  recognized  that  additional  development  and  evaluation  activities  should 
make  maximum  use  of  the  potential  oi  svsitem  developments.  In  formulating 

the  joint  DOT-MSA  Civil  Aviation  ch  cuuJ  Development  Policy  Study  Report 

(ref.  2,  p,  6-28)  the  question  of  U.S.  (Jovernmont  conduct  or  support  of  demon- 
stration programs  in  civil  aviation  is  introduced  with: 

"Demonstration  programs  arc  needed  to  prove  out  new  systems  and 
technologies,  to  assess  market  potent:' uLs,  or  to  remove  major  insti- 
tutional constraints  temporarily,  oeinonstratlon  programs  are  experi- 
ments designed  to  embrace  new  concept s,  procedures,  regulations,  or 
the  blending  of  new  technoiogloF  into  existing  systems.  These  pro- 
grams should  collect  information  and  required  data  in  a real-world 
environment  Involving  the  ultimate  usc^rs  of  the  system.  ..." 

In  recognition  of  this  need,  tiic  NASA  Langley  Research  Center  has  imple- 
mented the  I’erminal  Configured  Vehicle  (TCV)  Program  (ref.  3).  Its  goal  is  to 
identify,  evaluate,  and  demonstr..to  aid- tal  i and  flight  management  technology 
that  will  Itaprove  the  efficiency  and  act ci'iabiiity  of  conventional  aircraft  in 
terminal-area  operations.  The  rtason  ior  tuipliasis  on  terminal-area  operations 
(fig.  1)  is  that  this  region  to  tecogniced  as  the  system  bottleneck  as  well  as 
the  major  area  of  possible  unfavorable  impact  with  the  community  environment. 

The  TCV  Program  is  conductinp,  au.i! yf:i t.  , simulation,  and  flight  test 
research  which  will  support  impt  cvcmi  c;  ■ i.u  L tminal-area  capacity  and  effi- 
ciency, (2)  approach  and  landing  , 1 ; i iu  .;>dverse  weather,  and  (3)  operat- 

ing procedures  to  reduce  noise  impact.  !i>  (his  leseurch,  major  emphasis  Is 
being  placed  on  the  development  of  flvimi  d com.pts  for  applications  to  avi- 
onics and  displays  for  aircraft  op<  rai  ic'ns  in  tin  UtillUt  and  post  UG3RD  ATCS's. 
Particular  emphasis  is  being  placed  < a >m>i  » .a  ions  In  an  ID..S  environment.  One 
ex.'imple  of  this  effort  is  the  part  *cJ  p.n  ion  .i  through  its  TCV  Program  with 

the  FAA  in  the  demonstration  oi  iju  r,;'  i;ii  m'crownve  landing  system  to  the 
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All  Weather  Oparatlona  Panfi  of  tlH»  lutfrnational  Civil  Aviation  Organiaatlon 
(ICAO)«  Thin  demonstration  i:ouk  jjlaco  at  tin*  F/^ASi  National  Aviation  i’acnitioa 
Experimental  Center  (NAFilC)  iu  May  19/C  (r^'l  . A)*  During  thin  domonat ration  the 
MES  was  utilized  to  provide  the  ThV  hoolng  737  reocarch  airplane  with  guidance 
tot  automatic  control  during  tr-nniUJun  from  conventional  RNAV  to  MLS  HNAV  in 
curvedn  descending  flight;  flare;  touelidovm;  and  roll--out*  The  purpoae 
of  this  paper  is  to  describe  some  of  the  operational  aspects  of  the  demonstra- 
tion. Flight  prof  lies t system  configuration,  displays,  and  operating  procedures 
used  in  the  demonstration  are  described,  and  preliminary  results  of  flight  data 
analysis  are  discussed.  Recent  experiences  with  manually  controlled  flight  In 
the  NAFEC  MLS  environment  are  also  discussed • 
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ABBREVIATIONS  AND  SYMBOLS 

aft  flight  deck 

air  traffic  control 

All  Weather  Operations  Panel 

azimuth  angle  from  MLS  azimuth  beam 

5000-MHz  frequency  signal 

control  wheel  steering 

distance  measuring  equipment 

dual  DME  navigation  mode 

Department  of  Transportation 

electronic  attitude  director  indicator 

electronic  horizontal  situation  indicator 

elevation  angle 

elevation  angle  from  MLS  glide  slope  beam 
elevation  angle  from  MLS  flare  beam 
Federal  Aviation  Administration 
Ground  Controlled  Approach 
International  Civil  Aviation  Organization 
inert ially  smoothed  DME/DME  navigation  mode 
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INS 
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1.AT 
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ORIGIN 


LONG 


infitrumont  londing  systom 
intsrtJnl  platform 
1 ,•> , 000-MH!?  frequency  olp.nnl 
latitude 

latitude  of  origin  of  MLS  runway-referenced  coordinates 
longitude 


LONGqj^jqjj^  longitude  of  origin  of  MLS  runway-referenced  coordinates 

MLS  microwave  landing  system 

MLS  RNAV  navigation  In  the  MLS  environment 

NAFEC  National  Aviation  Facilities  Experimental  Center 

NASA  National  Aeronautics  and  Space  Administration 

NCDU  navigation  control/display  unit 

R range  measurement 

RNAV  area  navigation 

RSFS  Research  Support  Flight  System 

TCV  Terminal  Configured  Vehicle 

UG3RD  ATCS  Upgraded  Third-Generation  Air  Traffic  Control  System 


VFR 


'N 


msl 

^d 

x,y,2 

y 

y 


visual  flight  rules 

east  velocity 

north  velocity 

altitude  rate  or  sink  rate 

altitude  above  mean  sea  level 

altitude  above  desired  touchdown  point 

aircraft  position  in  runway-referenced  coordinates 

cross  runway  velocity 

cross  runway  acceleration 
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AlAT  latitude  deviation  of  aircraft  from  origin  of  runway-referenced 

coordinate  syatem 

ALONG  longitude  deviation  of  aircraft  from  origin  of  runway-referenced 
coordinate  system 

g angle  of  glide-path  deviation 

n angle  of  lateral-path  deviation 

0 aircraft  pitch  angle 

^ aircraft  roll  angle 

aircraft  yaw  angle 

3- D  three-dimensional  navigation  mode  (3  positions) 

4- D  four-dimensional  navigation  mode  (3  positions  and  velocity  or  time 

schedule) 


TCV  PBDGRAM  OVERVIEW 

It  has  been  recognized  that  new  AIC  equipment  and  procedures  cannot  solve 
:he  problems  that  they  are  intended  to  solve  unless  the  airborne 
'light  procedures  are  developed  to  take  full  advantage  of  the 

:he*ground-based  facilities.  The  airborne  system  is  considered  to  be  the  basic 
iirframe  and  equipment,  the  flight-control  systems  (automatic  and  piloted 
wSesrtS^  displays  for  monitoring  or  pilot  control,  and  the  crew  as  ««anager 
md  opirator  of  the  system.  Because  of  the  urgent  need  to  develop  the  required 
airborne  system  capability,  the  NASA  Langley  Research  Center  has  implemented  a 
Long-term  research  effort  known  as  the  Terminal  Configured  Vehicle  Program, 
rhe^program  is  conducting  analytical,  simulation,  and  flight-test  work  to 
develop  advanced  flight-control  capability  for 


4-D  BNAV  and  transition  to  MLS 

Precision,  curved,  steep,  decelerating,  and  time-sequenced  approaches 
utilizing  MLS 

Zero-visibility  landings  through  turnoff 
This  .capability  will  be  developed  by  means  of 
Advanced  automatic  controls 

Advanced  pilot  displays  for  monitoring  and  ct ntrol 
Reduced  crew  workload 

Improved  interfaces  of  avionics,  aircraft,  anu  crew 
Advanced  airframe  configurations 
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The  primary  facility  used  in  the  flight  research  is  the  Research  Support 
Flight  System  (RSFS)*  The  system  consists  of  a Boeing  737  airplane  (fig.  2) 
equipped  with  onboard  reprogrammable  all-digital  integrated  navigation^  guidance ^ 
control,  and  display  systems. 


RSFS  Description 

A cutaway  view  of  the  airplane  shown  in  figure  3 illustrates  the  palletized 
installation  of  the  RSFS  avionics  and  depicts  a second  cockpit  for  research  (aft 
flight  deck,  AFD),  The  value  of  the  RSFS  for  research  purposes  is  enhanced  by 
several  notable  design  features: 

(a)  The  system  functions  are  controllable  and  variable  through  software. 

(b)  The  hardware  is  easily  removed,  modified,  repaired,  and  installed. 

(c)  Flight  station  changes  are  readily  accomplished  in  the  research  cock- 
pit, which  h^*s  a fly-by-wire  implementation  for  control  of  the  airplane. 

The  arrangement  of  the  AFD  is  shown  in  the  photograph  of  figure  4.  The 
center  area  of  the  cockpit  is  seen  to  resemble  a conventional  737  cockpit, 
whereas  the  area  Immediately  in  front  of  the  pilot  and  copilot  has  been  opened 
up  by  removing  the  wheel  and  wheel  column  and  replacing  them  with  **brolly 
handle"  controllers.  This  open  area  has  been  utilized  as  the  location  for 
advanced  electronic  displays.  The  displays  illustrated  in  figure  4 consist  of 
an  electronic  attitude  director  indicator  (EADI)  at  the  top,  the  electronic 
horizontal  situation  indicator  (EHSI)  in  the  middle,  and  the  navigation  control 
display  unit  (NCDU)  at  the  bottom.  A control  mode  select  panel  is  shown  located 
at  the  top  of  the  instnment  panel  and  centered  between  the  two  pilots.  The 
display  system  is  all  digital  and  can  be  readily  reprogramed  with  regard  to  for- 
mats and  synd)ology  for  research  purposes.  The  NCDU  is  used  to  call  up  pre- 
planned routes  and  flight  profile  information  or  for  entering  new  or  revised 
Information  to  be  displayed.  Inserted  information  and  flight  progress  informa- 
tion can  be  called  up  on  the  NCDU  for  review.  The  EADI  instrument  provides 
basic  attitude  information  to  control  the  airplane;  the  EHSI  shows  the  horizon- 
tal plan  of  the  flight,  either  with  a heading-up  or  north-up  mode,  and  the 
flight  progress.  The  display  formats  and  their  functions  will  be  described  in 
more  detail  in  a later  section  of  this  paper. 


TCV  Program  Goals 

The  basic  goals  of  the  TCV  Program  are  illustrated  in  figure  5.  As  seen 
in  this  figure,  operations  in  the  MLS  environment  can,  perhaps  with  proper  con- 
trols and  displays,  allow  operators  to  take  advantage  of  steep,  decelerating 
curved  approaches  with  close-in  capture  which  result  in  shorter  common  paths. 
These  paths  can  be  planned  for  reduced  noise  over  heavily  populated  areas  and 
for  increased  airport  capacity.  Onboard  precision  navigation  and  guidance  sys- 
tems including  displays  are  required  for  3-D  and  4-D  navigation  and  for 
sequencing  and  closer  lateral  runway  spacing.  Displays  are  under  development 


8 


«lth  the  Intent  of  achieving  lower  visibility  operations  in  this  A li- 

ment with  sufficient  confidence  that  they  become  routine,  final  y, 
?^Hrat  reXaclvely  high  apaad  ahould  cleat  the  tunv.y  I';:' 

to  proceed  with  perhaps  40  to  45  seconds  between  aircraft,  should  th..  . 

wake  problems  be  solved. 


U.S.  MICROWAVE  LANDING  SYSTEM 

Tn  1077  the  ICAO  is  scheduled  to  select  a new  international  standard 
approSh  ^I^WliHuida^ce  system  that  will  replace  both  the  instrument 

SrL«cia“™.gI:..  which  la  expected  to  serve  the  lull  range  ol 
aircraft  operating  in  all-weather  conditions* 

The  U.S.  MLS  basically  transmits  three 
radio  btams  from  the  ronway.  ae  llluatrated  o^rs^^S  ‘t! 

'^^irat'lLS^a:)  f.le=g!“»:  nc^ndlU^sirup  2^  a^  do^  to  a 

^cor  i^^s^  r fjr  gSS“J;^c:\S2r 

“Sotted  from  a distance  measuring  equipment  (Cffi)  site  ^ _ 

Information  This  DME  beam  is  transmitted  at  a rate  of  40  times  pe 

regular  civer^e  of  120°  in  azimuth  and  20°  in  elevation.  Time  refer^' 

,„aann  that  receiving  equipment  onboard  *^he  aircraft  will  measure  the  m 
flS^cftetwSfsucLss^  "to"  and  "fro"  sweeps  of  the  scanning  beams  to 
Ltermine  aircraft  position  relative  to  the  runway  to 

selected  glide  path.  This  time-difference  measurement  techniq  g 
the  desigLtio/of  the  U.S.  MLS  as  a Time  Reference  Scanning  Beam  MLS. 


JOINT  FAA/NASA  ICAO  DEMONSTRATION  AGREEMENT 


Early  in  the  TCV  Program,  a joint  NASA/FAA  agreement  recognized 
term  obJeLive.  of  the  NaIa  Program,  and  NASA  agreed  to  PJ°vid«  use  of  the  . 
airplane  for  support  of  specific  FAA  system  evaluations, 

Sls  in  Julv  1975.  at  the  request  of  the  FAA,  NASA  agreed  to  participate  In  o 

ib;\srriJ:s  fjB“c;%5:i%?rd‘iir.rop‘ird  rf,rd:L„^»;;u;:, 

were 


(1)  Fly  :HD  automatic,  curved,  descending 
control  laws  used  for  the  curved-path  portions 
for  inertial  platform  (INS)  guidance. 


approaches  with  RSFS  navlf.at  len 
and  with  MLS  guidance  substitiu 


(2)  Make  transition  from  curved-path  portions  to  short,  straight  final 
approaches  and  land  with  the  RSFS  autoland  control  laws  modified  to  use  MLS 
guidance  substituted  for  INS  and  ILS  guidance. 

(3)  Perform  flares  using  EL2  and/or  radio  altimeter  signals. 

(4)  Perform  roll-out  using  MLS  guidance. 

(5)  Modify  the  RSFS  displays  to  accept  MLS  derived  information.  These 
displays  include  (a)  horizontal  sittiatlon,  (b)  curved  trend  vector,  and 

(c)  center— line  and  glide- path  deviations. 

All  the  capabilities  implied  by  the  ground  rules  were  to  be  demonstrated 
in  an  automatic  mode  without  use  of  the  inertial  smoothing  technique  which  is  a 
basic  part  of  the  conventional  RSFS.  The  FAA  asked  that  no  acceleration  signals 
be  used  to  augment  the  MLS  data  if  possible.  However,  the  FAA  stated  that  the 
use  of  body-mounted  accelerometers  or  direct  measurement  of  INS  acceleration 
signals  were  permissible  if  parameters  of  this  type  were  needed  for  the  basic 
control  systems.  The  FAA  also  stated  that  the  use  of  attitude  data  from  the  INS 
was  permissible  in  lieu  of  attitude  from  high-quality  vertical  and  directional 
attitude  reference  systems  for  display  purposes.  The  philosophical  approach 
taken  by  Langley  Research  Center  was  to  make  mlnlmvim  modifications  in  the 
existing  navigation  guidance  and  control  systems  and  to  derive  all  necessary 
parameters  from  the  MLS  data  for  interface  with  these  systems. 


DEMONSTRATION  FLIGHT  PROFILES 

The  flight  profiles  selected  for  the  demonstration  are  shown  in  figure  7 
superimposed  on  a photograph  of  the  NAFEC  area.  The  two  profiles  shown  in  this 
figure  are  designated  as  a 130'^  azimuth  capture  and  an  S-tum  azimuth  capture. 
Each  flight  profile  contains  a 3 n.  mi.  straight  final  approach  representative 
of  many  VFR  approaches  being  flown  at  the  present  time  at  congested  airports 
near  heavily  populated  areas.  These  profiles,  which  can  be  used  to  provide 
alleviation  of  noise  over  populated  areas,  are  also  illustrative  of  the  types  of 
curved  paths  that  have  potential  for  increasing  airport  capacity  in  ax'  advanced 
ATC  environment. 

A more  detailed  description  of  flight  events  along  the  demonstration  pro- 
files is  given  in  figures  8 and  9.  As  seen  in  figure  8,  take-off  was  from  run- 
way 22  with  the  airplane  controlled  manually  from  the  front  cockpit  during  take- 
off. Shortly  after  take-off,  control  was  shifted  to  the  aft  cockpit,  where  a 
control  wheel  steering  (CWS)  mode  had  been  selected  by  the  AFD  pilot.  Prior  to 
encountering  the  first  way  point,  the  AFD  pilot  selected  a 3-D  automatic  RNAV 
mode  for  airplane  control.  This  control  mode  used  inertially  smoothed  DME/DME 
(IDD)  as  the  source  of  guidance  information.  Altitude  was  maintained  at  1220  m 
(4000  ft)  until  the  way  point  indicated  by  "Begin  3°  descent"  was  passed.  From 
this  point  the  airplane  continued  descending  at  3°  until  flare  was  initiated. 
After  crossing  the  Az  boundary  and  approximately  15  seconds  after  crossing  the 
ELI  boundary,  the  pilot  received  an  indication  of  valid  MLS  data,  at  which  time 
he  selected  the  MLS  RNAV  mode  which  used  MLS  data  as  the  source  of  guidance 
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information.  sSLhefto  L^nd^Am!*  The  airplane 

^ ih.  MU  mv  srjM 

lateral  path  aircraft  along  the  3 n.  mi.  final  approach, 

autoland,  which  then  ^ altitude  criteria  of  the  flare 

At  an  altitude  consistent  with  the  ^n^^^Ated  Flare  was  executed 

Uw.  in  th.  flight  control  system.  *"f^°“^e/i„£„rmstion  on  most 

“5^??  "“to  Tf^^frighS  dtolS  is  dSmonsttstlon.  s rsdlo  sltlmster 

Ss  tos5°S  trSurS  if  Srtlcll  guidance  information  for  comparison  purposes. 

the  events  along  the  S-turn  profile  are  ’“M  ^%r“c^°ihat 

the  130°  azimuth  capture  profile,  as  shown  in  £ig“°°  J ^ 

the  S-turn  profUe  resulted  in  a greater  time  period  of  ^SMAV^rtan^«°^^^ 

ifigirdersStotS  roSSririr« 

:S  SSl°cSSti?S'ai'SSStic"moS  tSt  used  the  At  hems  for  runway  center- 
line  guidance  information. 

RSFS  CONFIGUBATION  for  the  ICAO  DEMONSTRATION 

. £ ..leas  p«sTr<!  tHat  was  used  during  the  ICAO  Demonstra* 

The  basic  configuration  of  the  ^ ,i,i  v.e  noted  that  the  original  RSFS  was 

norconfS^rtf^s^M^S®^^^  eJfoSs^^warthrint^^^^  the 

M tS'original  RSFS  that  had  been  ° of 

altimeter  data.  ">°  fesS^  Sd  location.  Interface  of  the 

figure  10  was  "rSe  RSU  Sd  tosSSSthe  m£s  guidance  signal  processor. 

MLS  receiver  with  the  RSFS,  and  aesxgn  oa  o-ocessoT  were  designed  to  per- 

Wherever  possible,  the  junctions  of  euida-  e and  control  parameters  with 

"eSsSrir:fihfLts^^^^^^ 

“ei2rgXraf““wrthraiui^^  °‘ 

nals  and  to  Improve  the  perspective  runway  format. 


MLS  Processor 

Details  of  the  MLS  processor  are  illustrated 

this  figure^  the  inputs  to  the  MLS  ^ remove  extraneous  noise  and 

ELI,  and  EL2.  These  signals  were  - „l^ich  produced  position 

trsnaformed  to  a runway-referenced  coordinate  frame  wnxen  pro«uu«  ^ 

Sita  (x^t'Helative  to  the  selected  glide-path  intercept  point. 

Ih.  function  of  tha  closcd-loop  °i,“f  ” 

ranr:n5°Su.i:cr"co:;irertK:“to  .nd  th.  dlaplay..  Th.  Alt 
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Data  input  to  the  closed-loop  estimator  consisted  of  calibrated  airspeed  and 
sink  rate  as  derived  from  a barometric  altimeter.  These  two  pieces  of  data 
were  used  to  initialize  the  closed-loop  estimator.  The  Accelerations  Input  to 
the  closed-loop  estimator  was  used  to  produce  the  quality  of  velocity  data 
required  in  the  flight  control  system.  These  acceleration  data  were  extracted 
from  the  INS  during  the  ICAO  demonstration.  However,  on  subsequent  flights 
this  Accelerations  Input  was  derived  from  body-mounted  accelerometers,  with  no 
notable  degradation  of  flight  performance.  A description  of  the  closed-loop 
estimator  outputs  la  given  In  the  following  paragraphs. 


MLS  Processed  Signals  for  Navigation  and  Guidance 

The  MLS  processor  outputs  to  the  navigation  and  guidance  computer  are 
Indicated  in  figure  12.  The  parameters  derived  from  MLS  data  for  navigation 
are  ALAI  and  ALONG,  which  are  latitude  and  longitude  deviations  from  the 
origin  of  the  MLS  runway-referenced  coordinate  frame.  The  terms 
and  1^N<>0RIGIN  figure  12  are  the  latitude  and  longitude  values  for  the 
origin  of  the  runway-referenced  coordinate  frame.  These  latitude  and  longitude 
origin  values  are  known  a priori  and  stored  in  the  navigation  computer.  It  is 
then  a simple  task  to  determine  the  aircraft  latitude  and  longitude,  as  indi- 
cated by  the  equations  in  figure  12.  The  MLS  processor  outputs  used  for  guid- 
ance are  latitude  LAT,  longitude  LONG,  altitude  to  mean  sea  level  h 
north  velocity  east  velocity  Vg,  and  sink  rate  h.  These  MLS  prSiessor 
outputs  and  way  points  defining  the  desired  flight  path  which  are  prestored  in 
the  navigation  and  guidance  computer  are  then  operated  upon  by  the  RSFS  guidance 
laws  to  produce  path  correction  commands  to  the  autopilot  while  operating  in  an 
automatic  BNAV  mode. 


MLS  Processed  Signals  for  Autoland 

The  MLS  processor  outputs  to  the  autoland  computer  as  shown  in  figure  13 
are  glide-path-angle  deviation  3,  lateral-path-angle  deviation  n»  altitude  to 
touchdown  hj.^,  vertical  velocity,  or  sink  rate  h,  and  cross  rxinway  velocity  y. 
These  inputs  to  the  autoland  guidance  laws  are  processed  in  the  autoland  com- 
puter along  with  a prestored  runway  heading  during  the  final  approach  to  produce 
pitch  and  roll  commands  to  the  autopilot.  It  should  be  noted  here  that  airspeed 
is  controlled  by  the  autothtottle  according  to  a preset  airspeed  selected  by  the 
pilot. 


MLS  Processed  Signals  Used  for  Displays 

Before  discussing  the  HLb  oroceshor  outputs  used  for  driving  the  displays, 
it  is  appropriate  to  descrxlu*  die  Lbol  ;uid  EADl  display  formats  used  during  the 
MLS  demonstration.  The  photograph  ot  figure  14  shows  the  arrangement  of  the 
electronic  displays  in  the  research  cockpit.  The  display  system  consists  of  the 
electronic  attitude  director  indicator  (EiiDl)  at  the  top,  an  electronic  hori- 
zontal situation  indicator  (EHSl)  in  the  middle,  and  the  navigation  control 
display  unit  (NCDU)  at  tlie  bottom.  The  EADl  provides  basic  attitude  information 
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used  to  control  the  airplane.  The  EADI  tormat  of  figure  lA  shows  an  cn 
format,  with  the  star  and  circle  symbology  providing  inf omat Ion  on  the  P««Jtion 
of  the  airplane  relative  to  a programed  flight  profile.  Details  of  tl.c.  LA]  I 
symbology  used  for  approach  to  landing  will  be  discussed  later. 

The  EHSI  format  of  figure  14  shows  a horizontal  view  ^ 

flight  path  and  obstacles,  such  as  the  towers  shown  in  the  display.  The  Present 
position  of  the  airplane  is  indicated  by  the  apex  of  the  triangle  symbol.  The 
dashed  trend  vector^ in  front  of  the  airplane  symbol  is  predictive  Information 
and  represents  where  the  airplane  will  be  in  30,  60,  and  90  seconds  if  it  main- 
tains the  current  turn  rate.  The  map  also  shows  way  points  along  with  the  path 
rri  n^S^tlon  aids.  The  current  track  angle 

the  Screen.  ThS  moving  time  box  shown  in  the  photograph  can  be  displayed  if 
the  pilot  wishes  to  fly  a 4-D  path  manually  or  automatically. 

Ih.  NCDU  1.  used  by  th.  pilot  to  call  up  or 
flight  profiles.  Flight  progress  information  can  also  be  called  up 

for  review. 

The  EADI  format  used  for  the  automatic  approach  and  landing 
in  the  photograph  of  figure  15.  This  format  provides  basic  attitude 
in  both^^pitch  and  roll.  Lines  of  pitch  angle  in  5® 

above  and  below  the  horizon,  and  the  roll  pointer  at  the  top  of  ^he  di^lay 
shows  bank  angles  of  10®,  20®.  30®.  and  45®.  The  reference  airplane  a^^®l 
biased  5®  up  to  reduce  clutter  in  the  middle  of  the  screen.  Flight-path  angl 
is  displayed  in  the  form  of  two  wedge-shaped  symbols  that  move  vertically  as 
function  of  flight-path  angle  and  laterally  as  a function  of  ^8  • 

Flleht-oath  acceleration  is  displayed  by  the  rectanguxar-shaped  symbol  that  is 
litf  SS  'riic  flight-path  symLla.  Deviation  from  the  vertical  and 

lateral  path,  la  dlaplayed  by  the  movement  of  the  autoland  ^ 

tion  to  the  boresight  dot  of  the  reference  airplane  sy^^ol.  When  desired,  a 
computer-generated  perspective  runway  with  extended  center  line  (ref.  6)  can  b 
displayed  for  approach  situation  information.  The  triangle  symbol  on  the  hori- 
zon^gives  present  track-angle  information.  The  box-shaped  symbols  on 
horizon  represent  10®  track  increments  from  the  runway  heading  and  are  Plotted 
relative  to  the  junction  of  the  rearward  extended  runway  center  line  and  the 
Srizol!  ?hrpilot  uses  the  track  angle  and  relative  track  symbology  to  estab- 
lish his  path  intercept  for  runway  alinement.  The  computer-generate 
symbology  shows  good  registration  with  the  real  runway,  shown  by 
liking  televisiL  image.  Time  of  day  is  displayed  in  the  top  left-hand  comer 
so  that  video  tapes  of  the  displays  can  be  correlated  with  the  onboard  data 
system.  Radio  altitude  is  displayed  in  the  top  right-hand  side  of  the  screen. 

The  MLS  processor  outputs  used  to  drive  these  display  symbols  are  indicated 
in  figure  16  as  north  velocity  east  velocity  V^,,  sink  tciti  h,  lateral 

Jath  deviation  n.  glide-path  deviation  b.  latitude 

The  display  symbols  which  are  driven  from  these  parameters  arc  . 

ancle  wedges,  which  indicate  the  projected  touchdown  point;  trend  vector,  which 
indicates^the  predicted  flight  path  of  the  aircraft;  aircraft  position;  ground 

speed;  lateral-path  and  glide-path  deviations;  ® display 

spective  runway  with  an  extended  center  line.  Additional  inputs  to  the  display 


compucaLlous  ob  showxi  Id  f i 1 « t oss  r \jnvMV  arct^l  (^ration  y,  v?hlch  is 

used  to  stabilize  the  trend  vector;  and  fnt:<  h ’ , roll  , and  yaw  v;h1ch 
are  used  to  correct  the  pnrr.jn'r  t ?.  vc  runv;ay  Myrubcvl  Joi  aircraft  attitude  chnn;'en. 
The  acceleration  and  af:l  itn<ie  hn  oi:,*;  va*re  derived  i rom  the  inertial  pla.t.lurm 
during  the  ICAO  Deniunsti aL  i eu ♦ iHirO;;,;  later  iJ.lghtj;  the  a*;.eelera tl on  inputs 
were  measured  from  body"^Tnnurit<‘d  a«  •‘ccleroreters  and  transtormod  to  an  inertial 
reference  frame# 


RSF^>  Reconfiguration  Summary 


Changes  to  the  RSFS  configuration  lor  the  ICAO  Demonstration  may  be  seen 
by  comparing  figure  17  v;ith  figure  3*  As  sl\own  in  fipure  17,  three  antenna 
locations  were  selected  for  the  demonstration ♦ The  C-*band  antennas  on  the  tail 
and  lower  aft  fuselage  w^ere  used  for  diagnostic  purposes  dviring  the  development 
flights#  The  C-  and  K^-band  antennas  located  above  the  front  cabin  were  the 
primary  antennas  used  for  guidance*  The  cabin-mounted  C-band  antenna  was  used 
to  receive  Az,  ELI,  and  E signals,  rma  f:h-i>  anteana  v;as  tho  receiving 

d special  XI. S signal 


an<- 


antenna  for  EL2  signrils.  Tbo  MU-  recoiviTs*  procec.sor, 

recorders  are  shown  located  just  in  front  of  tlie  aft  flight  deck.  Special 
in-flight  diagnostic  o&clilugrap>ir  and  a backup  MLS  receiver  are  shown  located 
at  the  right  rear  of  the  airplane. 


OVEKVTLV;  OF  FLIGHT  RESULTS 


During  the  development,  demonstration,  and  post-demonstration  data- 
collection  flights  in  the  NAFEC  MLS  environment,  208  automatic  approaches  and 
205  automatic  flares  were  flow.*  I'bese  flares  were  terminated  in  touch-and-go 
maneuvers  and  full-stop  landings  that  included  automatic  roll-out  operations* 
During  the  demonstration  flights,  final  approaches  of  3 n.  mi*  were  achieved# 
Following  the  demonstration,  shorter  tinal  automatically  controlled  approaches 
of  2 n*  mi#  were  flown*  Manually  controj.ied  flights  conducted  after  the  demon- 
stration included  41  approaches  with  final  segments  of  3,  ly,  and  1 n#  mi# 
Reduction  of  flight  data  gathered  on  these  flights  is  underway#  Analysis  of 
these  data  is  expected  to  result  in  nu  nssessTnent  (jf  path  tracking  accuracy; 
speed  control  system  performance;  display  format  utility  for  monitoring  air- 
craft path  tracking  per forninnce  and  fo?*  interpretation  of  flight  situation 
and  usefulness  in  changes  in  flight  plans;  v;ind  shear  and  turbulence  conditions 
during  all  flight  phases;  quality  of  ihe  MLS  signals  in  terms  of  precision  and 
multipath  characteristics;  and  total  pertormance  of  the  navigation,  guidance, 
and  flight  control  systems*  However,  a limited  amount  of  quantitative  data  has 
been  reduced  and  the  results  will  be  *samniarieed  here.  In  addition,  qualitative 
comments  of  pilots  and  observers  regaiding  overall  airplane  performance  will  be 
discussed* 


AutotiiaLic  Flight  I'onLroi  i*e rf ormanoe 

An  example  cl  path  tracMag  aocuraoy  durlnv.  i't.mo-us  ti\il  ion  1. lights  of 

May  20,  1976,  is  shown  in  lo  and  1 Ihe  uata  thest  twv.-  i igures 

l/» 
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v/crts  ubttilncici  through  o comparison  of  unprocessed  MLS  AZj  LLl^  LL/i»  and 
R signals  with  phototheodolite  tracking  data.  The  ordinates  of  fi{-ur<-  18  are 
In  dogroes  and  each  abscissa  Is  in  nautical  miles,  as  measured  from  th<  MIS  A. 
and  DMJ-;  transmitter  site.  In  figure  18,  It  can  be  seen  tliat  the  axiwuNi  iimm 
is  quite  small  tliroughout  the  approacli  and  Is  usually  less  than  n. Mh' 
error  in  elevation  (KLl  reference)  is  somewhat  larger  but  appears  to  be  of  the 
order  of  0.05°  along  most  of  the  final  approach.  The  abscissa  scales  of  fig- 
ure 19  are  the  same  as  for  figure  18.  The  upper  plot  of  this  figure  has  range 
signal  error  along  the  ordinate;  the  lower  plot  has  degrees  of  elevation  (flare 
signal)  error  along  its  ordinate.  The  range-error  plot  of  figure  19  shows  a 
bias  of  approximately  8 m (25  ft),  with  maximum  errors  appearing  to  be  of  the 
ord-r  of  15  m (50  ft).  The  elevation  error  shown  in  this  figure  agrees  well 
with  the  elevation  error  in  figure  18.  In  fact,  these  two  elevation-error  plots 
agree  so  well  that  it  is  highly  probable  that  the  major  portion  of  this  error 
may  be  attributable  to  phototheodolite  error  rather  than  errors  in  either  ELI 
or  EL2  signals.  The  source  of  this  error  is  under  study.  The  growth  of  ELI 
and  EL2  error  in  the  vicinity  of  the  runway  threshold  can  be  attributed 
chiefly  to  the  geometry  of  the  phototheodolite  sites. 

Flight-path  deviations  for  the  same  flight  as  in  figures  18  and  19  are 
shown  in  the  plots  of  figure  20.  The  upper  plot  of  this  figure  shows  the 
lateral-path  deviation  that  occurred  from  final  tuim  into  the  final  approach 
fix  through  touchdown  and  roll-out.  These  lateral  deviations  are  typically  less 
than  15  m (50  ft).  The  lower  plot  of  figure  20  is  representative  of  the  glide- 
path  deviations  experienced  during  the  demonstration  flights.  These  deviations 
were  usually  less  than  6 m (20  ft).  The  growth  of  glide-path  deviation  starting 
at  1.3  n.  mi.  is  due  to  the  flare  maneuver. 

An  example  of  the  effects  of  wind  shear  along  the  flight  track  on  tracking 
performance  during  final  approach  is  shown  in  figure  21.  The  plot  on  the  left 
of  figure  21  shows  an  ideal  3°  glide  slope  (dashed  line)  and  the  glide-slope 
performance  (solid  line)  achieved  when  the  airplane  was  subjected  to  the  in- 
fluence of  the  evident  wind  shear  shown  in  the  calibrated-airspeed  plot  on  the 
right  of  this  figure.  The  airspeed  plot  shows  variations  in  the  tail  wind  com- 
ponent of  approximately  20  knots.  An  examination  of  this  plot  indicates  that 
the  airplane  experienced  a wind  shear  gradient  along  the  flight  path  of  approxi- 
mately 15  knots  over  an  altitude  range  of  8 m (25  ft).  Examination  of  the 
glide-slope  performance  plot  shows  that  the  flight  deviations  were  quite  small 
and  of  the  order  of  3 m (10  ft)  or  less.  This  performat\ce  is  considered  to  be 
excellent  for  such  severe  wind  conditions.  Other  wind  conditions  experienced 
during  the  demonstration  flights  include  strong  gusts,  tail  wind  components 
of  20  to  25  knots,  and  20-knot  cross-wind  components. 

No  conclusions  may  be  made  at  this  time  regarding  correlations  among  air- 
speed at  flare  initiation,  mean  tail  winds  during  flare,  sink  rates  at  touch- 
down,  and  touchdown  dispersion.  Analysis  is  underway  to  develop  correiuon 
criteria  for  the  results  of  these  flights  and  the  data  gathered  during  tlje 
development  and  demonstration  flxghts.  However,  it  can  be  noted  that;  touchdown 
dispersion  data  obtained  for  EL2  flares  and  radio  altimeter  flares  .q-p.-.u  t,. 
have  similar  characteristics.  These  dispersion  data  arc  considered  to  compare 
favorably  with  performance  oi  corometcl.':!  airlines.  Following  the  It.Au 


Demonstration,  several  automatic  approucheB  \jorv  sm’cfHsfulJy  flovm  with 
acceleration  data  sensed  from  body-raountod  accticromcterH  instead  of  from  the 
INS.  During  these  latter  flights  the  final  approach  was  shortened  to  2 n.  ml. 


Display  Utilization 

In  exploiting  the  MLS  capabilities  in  au  KKAV  and  MLS  environment  and  in 
utilizing  profiles  such  as  those  demonstrate'!  before  the  ICAO,  it  Is  essential 
that  the  flight  crew  be  continually  oriented  with  respect  to  Its  flight  and 
navigation  situation.  Today's  aircraft  flit-ht  instrumentation  Is  not  considered 
operationally  adequate,  either  for  monitoring  automatic  flight  or  for  contin- 
gency reversion  to  manual  control  in  the  environment  anticipated,  that  Is, 
close-in,  curved,  descending,  precision  approach  profiles  with  very  low  visi- 
bility and  in  proximity  to  other  traffic.  Consequently,  the  advanced  electronic 
display  system  has  been  provided  in  the  aft  flight  deck  of  th‘  TCV  airplane 
with  which  to  explore  and  develop  this  all-important  Interface  of  the  pilot 
with  his  environment. 

During  the  ICAO  Demonstration,  the  ability  to  observe  the  position  of  the 
airplane  at  all  times  and  its  tracking  performance  by  means  of  the  displays  was 
as  impressive  as  the  automatic  operation  itself.  After  take-off,  the  displays 
permitted  the  pilots  to  position  the  airplane  manually  for  a smooth,  maneuver- 
less transition  to  3-D  automatic  flight  into  the  first  way  point  of  the  auto- 
matic profile.  Also,  during  the  development  flights  prior  to  the  demonstra- 
tion, numerous  interruptions  in  flying  the  profiles  were  encountered.  Several 
diversions  due  to  intrusion  of  traffic  were  encountered,  and  there  were  many 
programing  errors  and  malfunctions  of  various  kinds  that  led  the  pilot  to  take 
over.  The  displays,  in  combination  with  control  wheel  steering,  resulted  in 
effortless  navigation  during  reprograming  or  redirected  flight  and  facilitated 
expeditious  maneuvering  by  the  pilots  to  reenter  the  desired  patterns  without 
lost  time  or  excessive  airspace  for  orientation  and  without  the  need  for  vec- 
toring from  the  ground.  The  EADI  symbology  provided  an  effective  means  of 
monitoring  flight  progress  on  the  final  approach.  In  particular,  the  excellent 
registration  of  the  computer-generated  perspective  runway  with  the  television- 
generated image  of  the  real-world  runway  established  confidence  in  the  potential 
utility  of  computer-generated  runway  symbology  for  monitoring  landing  operations. 

The  implications  for  the  future  are  clear  with  respect  to  automatic  flight. 
Advanced  displays  will  have  to  be  provided  to 

Maintain  crew  orientation 

Permit  manual  maneuvering  within  constraints  in  airspace,  fuel,  and  time 
in  order  to  cope  with  diversions  due  to  traffic,  weather,  or  loss  of 
automatic  capability 

Permit  continued  controlled  navigation  wb'.n  now  cK’.uances  and/or  flight 
profiles  must  be  defined 
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Mantuilly  Controlled  Approaches 

Upon  completion  of  the  automatic  tltghta  related  to  the  ICAO  Demonatratlon , 
additional  flights  were  conducted  to  evaluate  display  effectiveness  for  manually 
controlled  flight  along  the  same  profiles,  since  this  is  considered  to  be  the 
best  way  to  evaluate  display  information  for  monitoring  purposes  and  takeover  li 
necessary.  The  runway  symbology  and  track  Information  relative  to  the  runway 
presented  in  the  EADI  appear  to  be  effective  means  of  integrating  horizontal 
information  into  the  vertical  situation  display  for  the  landing  approaches.  Ihe 
runway  and  relative-track  symbology  aid  the  pilot  in  maintaining  a curren  me 
tal  picture  of  his  situation  relative  to  the  runway. 

The  velocity  vector  control  mode  was  used  during  the  approaches.  In  this 
mode,  the  pilot  commands  pitch  rate  by  pulling  or  Pushing  the  panel-mounted 
controllers.  When  the  pilot  perceives  that  the  desired  ^ 

been  reached,  he  releases  the  controllers  and  the  system  maiiitains  that 
path  angle.  The  pilot  also  commands  roll  rate  by  rotating  the  panel-mounted 
controllers.  When  he  attains  the  desired  track  angle  relative  to  ^ 

he  releases  the  controllers  with  wings  level  and  that  track  angle  is  maintained 

until  further  inputs  are  made. 

During  the  manual  approaches  the  pilot’s  task  was  to  capture  and 
localizer  center  line  while  maintaining  the  3°  glide-slope  center 
approaches  with  3 n.  ml.  finals  were  flown  using  the  runway  and  relative-track 
symbology  as  primary  information  for  capturing  and  the  localizer  center 

llnL  tL  reciting  lateral  errors  were  less  than  5 m (15  ft)  at  the  30-m  (100-f».) 
altitude  window.  This  small  error  iiidicates  that  the  pilot  was  able  to  make  the 
localizer  offset  correction  quickly  and  come  through  this  window  with  satlstac- 
torily  stable  attitudes  and  conditions.  The  vertical  errors  at  the  30-m  window 

were  less  than  2 m (6  ft). 

Flight-path  deviations  for  a typical  manually  controlled  approach  are 
shown  in  the  plots  of  figure  22.  The  upper  plot  of  this  figure  shows 
lateral-path  deviations  that  occurred  from  the  final  approach  fix  to  an  ® 
of  30  m (100  ft).  The  lateral  deviation  at  the  final  approach  " 

mately  30  m.  This  offset  was  easily  handled  by  the  and  as  indicate  y 

the  plot,  the  lateral  deviations  were  reduced  to  3 m (10  ft)  or  less 
flare  initiation.  The  lower  plot  of  figure  22  is  illustrative  of  the  g e p 
deviations  during  these  approaches.  The  maximum  vertical  deviation  is  seen  to 

be  6 m (20  ft). 

The  manual  approach  pcrlonnuuo  .uhUvc.l  with 
track  symbologv  is  verv  .ncnuav  ...nsidcriur  that  these  were  the  first  i • e 
In  approaches  flown  hv  these  ,.ilots.  TIk'  performanee  data 
approaches  compare  very  favorably  with  the  flight  director  criterxa 
slope  and  localizer  performance  stated  tn  reference  7 for  Category  ■ o . 
gory  II  approach  conditions.  Additional  manual  approaches  with  flna 
of  and  1 n.  mi.  were  successfully  tlown.  Quantitative  data  relating  o 
latter  approaches  are  not  available  at  this  time. 


CONCLUDING  R»IARKS 


Tlia  oyctem  duvtloproent  ollcrt  undertaken  by  NASA  In  support  of  the  ICAO 
UfHiouHti at Jon  presented  NASA  with  the  opportunity  to  gain  experience  with  the 
U.S.  MLS  characterlotlcu  and  an  opportunity  to  develop  operational  techniques 
lor  utilization  of  this  system  In  a real-world  environment.  The  demonctratien 
also  provided  an  opportunity  for  a wide  and  varied  audience  to  observe  prooi  of 
concept  of  tlie  MLS  in  flight  and  to  witness  presentations  of  the  techniques 
used  to  integrate  the  MLS  capability  Into  an  existing  avionics  system  on  a com* 
mcrcial  carrier  class  airplane. 

The  nights  deiuunstruted  the  utility  of  the  wide  area  coverage  of  the  MLS 
for  carved,  descending  paths  commencing  with  a standard  RNAV  approach  into  a 
temlnal  area  and  continuation  of  this  approach  throughout  the  MLS  coverage 
area  and  onto  the  runway.  The  ability  to  fly  precision  curved  navigation  paths 
with  use  of  MLS  signals  highlights  the  potentl  .1  of  this  system  for  design  of 
noise  alleviation  and  high-capacity  flight  paths  in  a terminal  area.  During 
these  flights,  transition  from  a curved  path  to  the  final  approach  was  executed 
smoothly,  with  lateral  excursions  of  the  order  of  15  m (50  ft).  These  small 
excursions,  or  overshoots.  Indicate  that  an  800-m  (2500-ft)  separation  of  final 
approach  paths,  and  therefore  runway  separation,  is  a reasonable  goal. 

These  flights  also  demonstrated  the  feasibility  of  shorter  final  approaches 
for  terminal-area  operations  during  very  low  visibility  conditions.  Shorter 
final  approaches  coupled  with  Improved  ATC  teclurlques  give  promise  of  shorter 
common  paths  for  merging  aircraft  and  therefore  a potential  for  increased  air- 
port capacity.  Flare  performance  using  the  MLS  flare  beam  (EL2)  was  seen  to 
compare  favorably  with  that  accomplished  when  conventional  radio  altimeter  tech- 
niques were  used;  and  use  of  the  MLS  for  roll-out  demonstrated  the  potential  for 
improved  guidance  on  the  runway. 

Advanced  display  concepts  developed  under  the  TCV  Program  were  shown  to  be 
compatlbJe  v?ith  the  MLS,  and  the  ac..uracy  of  the  MLS  signals  permitted  these 
displays  to  be  used  to  their  fullest  advantage  by  the  pilots  both  in  monitoring 
and  controlling  with  precision  the  close-in  flight  profiles.  Also,  the  EHSI 
proved  to  be  of  significant  value  for  execution  of  flight  plan  changes  or 
manual  performance  of  diversionary  maneuvers. 

It  should  be  noted  that  the  demonstration  flights  were  conducted  under 
severe  wind  conditions  which  would  ordinarily  have  required  runway  assignment 
changes  fo.  final  approaches  or  rerouting  to  other  airports  in  the  cases  of  com- 
mercial airline  traffic.  Atmospheric  conditions  Included  high  winds  with 
strong  gusts  resulting  in  tail  wind  components  of  20  to  25  knots,  cross-wind 
coniponeuLs  of  20  knots,  steady  tail  quartering  winds  of  20  to  25  knots,  and 
she.n  s in  excess  of  50  knots  per  30  m (!00  ft). 

Problems  currently  existing  in  terminal-area  operations  of  the  civil  ulr 
tr.msportation  system  can  be  expected  to  intensify  In  the  future.  New  flight 
procedures  and  advancements  in  flight  control,  navigation,  and  guidance  systems 
designed  to  take  maximum  advantage  of  MLS,  and  other  advanced  ATC  equipment, 
oiler  potential  solutions  to  these  problems  as  well  as  economic  advantage.  The 
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Figure  3.-  Research  Support  Flight  Svstem  Internal  arrangement 


Figure  A*--  Aft  fligli*:  deck  display  arrangement. 


Figure  5.-  Terminal  Configured  Vehicle  operational  goals 
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Figure  6.-  Microwave  landing  system. 


Figure  7.-  ICAO  Demonstration  profiles  at  NAFEC, 
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Figure  8,-  130°  azimuth  capture. 
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Figure  11.-  Major  functions  of  MLS  processor. 
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Figure  12.-  MLS  processed  signal  use  for  navigation  and  guidance. 
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Figure  13.—  MLS  processed  signal  use  for  autoland  computer 


Figure  14.-  liAUI  and  EHSl  displays. 
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Figure  20.-  Typical  autoland  t light-path  deviations 
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The  experience  gained  in  funi  - i u;. 

Augmentor  Wing  Research  AJrcrai  t:  ;md  t i;*.  : j.. 

STOL  powered-lift  airiMMl  t liav<‘  id.  t>i  H ' •! 
be  basic  to  must  STOL  aiictaft  de:ii)»u  ..  IL.  A 
percent  of  lift  achieved  by  powered  !*li  ; . 
operational  characteristics  of  sioi.  .t.-ii-i.r-* 
mance  that  v:an  be  achieved.  A la  I';'d  vU..  i , • ‘ 
including  the  means  by  which  it  acliiewh*  it-  s. 
Specific  problem  areas  icJaiing  to  i he  . ..  atr. 
are  discussed  as  well  as  the  consequoin  es  i h* 
and  operation  of  this  c^ass  of  nirrtaii 
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This  paper  reviews  the  expei  iem  c gaiiw  ’ *i  ii  iw.  ^ : 

operation  of  a powered-lift  jet  SIOL  oiipi  . t.t. 

Aircraft*  It  reflects  some  330  fl  igld  hoca:  d . l<  ■ 

and  landings*  Wliile  the  concept  for  ii«  it 

is  perhaps  unique,  the  design  is  such  th.ii  it  • i ! ■ . . .] 

to  the  pilot  in  the  means  by  \chich  he  control  i hi  . i.iti 
incorporation  of  an  advanced  digital  flight  ciu,i!>  i ; 
built  by  Sperry  Flight  Systems,  it  is  posr.il  K r.  . . .u  .< 

handling  qualities  and  flight  control  ionco,.t:  '»  i loi 

that  the  conclusions  presented  here  appl\  in  riTu.  i'  t » ila* 
derive  a substantial  portion  of  their  litt  ln-n  ih  pro  u. 
system*  The  contents  of  this  paper  addros  pri;  ^ 

phase  of  flight  where  the  consequences  ot  the  imu  ii. d iii. 
and  the  resultant  characteristics  most  djitermi  Ij  mu  ila  i 
aircraft. 
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DESCRIPTION  OF  AIRCRAFT 


The  nugmentor  wing  wan  denigned  an  a Iow-corl,  low-npeed  renearch  vehicle 
that  could  be  uned  to  inventigate  the  operational  characterliitlc.s  of  a 
powerod-llft  Jet  STOL  aircraft  in  the  environment  of  the  terminal  area 
Including  takeoff,  transition,  approach,  and  landing.  The  aircraft,  shown 
in  figures  1,  2,  and  3,  was  modified  from  a doHavllland  C 8A  Puffalo  which 
was  donated  by  the  USAF.  The  G.  F-.,  T-64  turboprop  engines  were  replaced  by 
R.  R.  3pey  turbofans.  The  wing  area  was  reduced  by  removing  about  2 m 
from  e«ch  wing  tip,  and  fixed,  full-span  slats  were  Installed  on  the  leading 
edge.  The  landing  gear  was  fixed  in  the  down  position  and  modified  to 
accommodate  a higher  gross  weight.  The  spring  tub  controlled  elevator 
system  was  changed  to  a hydraulic  powered  unit,  and  the  conventional  double 
slotted  flaps  were  replaced  with  an  entirely  new  augmented  jet  flap  system. 
This  flap.  Illustrated  in  figure  4,  consists  of  two  nearly  parallel  surfaces 
with  a continuous  double  slot  nozzle  located  between  them  which  acts  as  an 
ejector  pump  with  air  drawn  in  from  both  the  upper  and  lower  surface  of  the 
wing. 

Air  for  the  flap  nozzles  is  provided  by  the  fan  section  of  the  Spey 
compressors.  The  lower  nozzle  is  supplied  by  air  from  the  engine  or  the  same 
side  of  the  airplane,  while  air  for  the  upper  nozzle  Is  cross  ducted  from  the 
opposite  engine.  This  arrangement  reduces  the  a8>Tnmetry  which  would  occur 
should  an  engine  fall  during  takeoff,  approach,  or  landing.  The  purpose  of 
all  this  is  to  augment  the  thrust  from  the  ejector  nozzle  and  also  to  induce 
airflow  over  the  surface  of  the  wing  which  increases  its  lift.  The  aft 
portion  of  the  lower  surface  of  the  flap  is  hinged  so  that  it  can  be  closed 
thereby  choking  the  augmentor  and  spoiling  the  lift.  The  outboard  chokes 
are  used  for  lateral  control  while  the  inboard  chokes  are  modulated  for  direct 
lift  control.  Additional  lateral  control  is  obtained  from  drooped  ailerons 
provided  with  BLC  and  from  spoilers  located  in  front  of  the  ailerons. 

The  hot  gases  from  the  Spey  engines  are  exhausted  through  Pegasus-type 
swiveling  nozzles  which  are  located  on  both  sides  of  each  engine  nacelle. 

They  can  be  positioned  from  nearly  straight  aft  to  slightly  forward  of  the 
vertical  and  are  controlled  by  levers  located  adjacent  to  the  overhead 
throttles  in  the  cockpit.  During  the  approach  \dicre  the  nozzles  are  deflected 
nearly  normal  to  the  flight  path,  they  contribute  about  1800  newtons 
(8000  lb)  of  direct  lift  to  the  airplane.  However,  this  is  only  a small  part 
of  the  powered  lift  that  is  achieved  by  the  augmentor  wing  as  shown  in 
figure  5.  This  bar  graph  compares  the  airspeed  that  corresponds  to  a given 
angle  of  attack  with  varying  amounts  of  thrust.  The  center  bar  represents 
our  nominal  approach  conditions,  65  knots  at  4®  angle  of  attack,  utilizing 
about  2/3  of  the  available  thrust.  If  there  were  no  thrust,  the  airspeed 
corresponding  to  this  angle  of  attack  would  increase  to  100  knots.  The 
thrust  from  the  swiveling  nozzles  would  account  for  only  about  7 knots  of 
this  difference.  Applying  maximum  thrust,  which  might  occur  during  a 
wave  off,  would  decrease  the  airspeed  by  about  10  knots. 
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Following  the  Inltlnl  documentation  .'nd  proof-of-concept  flight  toBting, 
the  aircraft  wan  equipped  with  RTOLAND.  Thin  1b  an  experimental  digital 
avionlta  ayotem  whlchi  through  ttH  computer,  BenhC’.a  and  aervofi,  can  drive 
any  or  all  of  the  primary  and  aecondary  controla.  Tnia  allowp  uh  to  lndepen“ 
dently  vary  the.  lift,  drag  md  Btability  characterlflticB  of  the  augmentor  wing 
80  na  to  reprcBPnt  the  rcHpomie  charactoriMtlca  of  a wide  range  of  aircraft 
of  thin  claHB.  Subaequent  flight  teatlng  has  omphauized  the  e.*'am:‘.nation  of 
STOL  handling  quail tien  (>ver  ai!  broad  a range  of  theno  charactorlatlca  an  1b 
practical . 

Most  of  these  flight  tests  were  conducted  at  a Naval  Auxiliary  Landing 
Facility  called  Crows  Landing,  located  in  the  San  Joaquin  Valley  of  California. 
The  approaches  were  conducted  on  a 7-1/2®  glide  slope  with  guidance  provided 
by  an  experimental  microwave  landing  system  called  MODILS.  Some  of  these 
approaches  were  hooded  to  simulate  instrument  meteorological  conditions.  The 
landings  were  made  to  a 518  m 30  m (1700  x 100  ft)  STOL  strip  marked  out  on 
one  of  the  main  runways. 


DISCUSSION  OF  RESULTS 


The  environment  in  which  the  airplane  has  operated,  in  terms  of  wind  and 
turbulence,  is  indicated  in  figure  6,  The  points  represent  the  maximum  wind 
velocities  and  direction  relative  to  the  landing  runway.  The  lines  extending 
from  the  points  indicate  the  gust  factor.  The  grid  resolves  them  into  their 
headwind  and  crosswind  components.  These  are  tower  reported  winds  which  do  not 
accurately  depict  the  conditions  at  the  touchdo\ra  zone  but  are  at  least 
representative.  Approaches  with  headwinds  of  30  to  40  knots  and  10-  to 
15-knot  gusts  were  negotiated  without  great  difficulty  although  they  did  take 
a considerable  length  of  time  and  were  sometimes  subject  to  large  flight  path 
excursions.  Landings  with  crosswind  components  in  excess  of  20  knots  were 
relatively  easy  even  though  the  decrab  maneuver  of  some  20®  required  full 
rudder.  The  most  critical  condition  in  terms  of  both  safety  and  performance 
was  approach  and  landing  with  a tailwind  component . The  higher  descent  rates 
tax  the  capabilities  of  both  the  aircraft  and  the  pilot, and  landing  distance 
increases  dramatically.  This  is  illustrated  in  figure  7 which  depicts  the 
results  of  some  landing  performance  tests.  These  landings  were  performed 
on  two  back-to-back  flights,  the  first  of  which  was  made  with  a light  tail 
wind  which  steadily  increased  to  about  10  knots  as  the  flight  progressed. 

The  second  set  of  landings  was  made  into  the  wind.  It  is  apparent  that  as  the 
wind  velocity  approaches  10  knots,  landing  with  the  wind  rather  than  into  it 
effectively  doubles  the  stopping  distance. 

It  was  recognized  early  in  the  design  of  the  augmentor  wing  that  stabil- 
ity augmentation  would  be  required  to  achieve  satisfactory  handling  qualities. 
This  is  typical  of  those  aircraft  which  operate  at  high  lift  coefficients  and 
low  dynamic  pressure.  The  initial  flight  tests  were  made  with  a lateral- 
directional  SAS  which  provided  positive  spiral  stability,  increased  roll  and 
yaw  damping,  and  improved  turn  coordination.  Later  in  the  program,  more 
advanced  augmentation  schemes  XN'ere  examined.  Attitude  command  and  rate- 
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command  attitude  hoJd  wore  ovdiuilcd  In  both  the  pitch  and  roll  axis*  With 
attitude  command,  the  cihlJIty  to  return  the  aircraft  to  wings  level  and  trimmed 
pitch  attitude  was  apineciatod  by  the  pilots;  however,  the  sustained  control 
forces  and  deLloctlons  loquiiod  v/licn  maneuvering  in  either  pitch  or  roll  were 
objectionable*  W.Itb  tiiosc  cunt  Igurations  which  required  pitching  the  aircraft 
for  flight  path  control,  the  trim  button  which  was  used  to  change  the  refer- 
ence pitch  attitude*  bocnnie  a ptimniy  but  somewhat  awkward  controller*  Because 
of  this  the  pilots  suttlcnj  on  into  command  attitude  hold  as  the  basic  SCAS 
configuration.  It  should  he  pointed  out  that  acceptable  STOL  approaches  and 
landings  were  performed  vn'choct  any  SAS  or  SCAS  in  light  to  moderate  turbu- 
lence, but  only  under  visuaJ  flight  conditions* 

Having  arrived  nt  an  acceptable  stability  and  control  augmentation 
scheme,  we  proceeded  to  examine  those  characteristics  which  are  peculiar  to 
powered  lift*  These,  of  course,  occur  primarily  in  the  longitudinal  axis  as 
shown  in  figure  8*  With  oonvetjt:  ional  alt  craft,  the  thrust  exerts  a force 
along  this  axis  whicT)  Iti  steady  flight  balances  the  drag  force*  Changes  in 
thrust  produce  a 1 'uigi » uJiu.:  1 acceleration* 

The  concept  of  p-vered  lilt  implies  that  the  lift  produced  by  the  wing 
is  dependent  upon  tin*  >mooul  of  thrust  applied*  In  order  to  achieve  a low 
approach  speed  and  ^uiiMtain  a steep  descent  angle^  the  thrust  must  be  also 
deflected  or  turned  so  as  to  properly  balance  the  longitudinal  and  normal 
forces*  In  this  cxainriv,  the  f. iirust  vector  includes  the  contribution  of  both 
the  cold  air  from  the  flap  rtczr-le  and  the  hot  gases  from  the  swiveling  nozzles* 
Changes  in  thrust  lun/  i acre  ice  the  lilt  vhich  produces  more  change  in  normal 
force  than  longitudinal  a';c.iloi aliun  and  in  some  cases  may  even  cause  the 
aircraft  to  decelerate  \dien  thrust  is  increased*  This  provides  the  piTot 
with  a powej  ful  means  by  \diicii  he  can  cliange  flight  path  angle  but  leaves  him 
somewhat  at  a loss  as  to  hov;  to  manage  airspeed  control.  In  the  case  of  the 
augmentor  wing,  tlie  svivelitig  nnzcLes  which  divert  the  hot  gases  from  the 
Spey  engines  provide  an  or  Ic^*  Live  means  of  changing  airspeed.  As  the  pilots 
gained  experience  and  fatn I lia.t  ity  with  the  airplane,  they  learned  to  use  the 
nozzles  in  conjunction  with  ? lie  throttles  to  adequately  control  the  flight  path 
(and  airspeed),  Hov;ever,  in  I lie  [irerence  of  turbulence  and  wind  shears,  the 
pilot  workload  became  quite  higli  and  tliete  was  sometimes  confusion  as  to 
which  set  of  levers  to  move  first..  In  an  IFR  environment,  glide  slope 
tracking  was  poor,  theTefore  the  pilots  concluded  that  the  use  of  three 
different  controllets  I m the  M*mar,cmeut  of  the  longitudinal  task  was  too 
much  to  cope  with  fin;  riawvday  onernLitm. 

Leaving  the  no>:iwl.es  I t>r»it  ,,t  aomc  predetermined  value  requires  the  pilot 
to  control  airspeed  by  < h pitch  attitude*  If  the  effective  thrust 

turning  exceeds  about  , mivn.n'nr  coupling  can  occur  between  thrust  and 
longitudinal  acec.U  i.P!  \hl-.b  v.'lll  compound  the  control  problem.  As  thrust 
is  increased  at  : o •.  aiirqiecd  deravs*  which  puts  the 

aircraft  furtlnr  iiv.  j {w,  cn  i : idi  the  thtuat  required  curve*  As  this 
occurs,  tin"*  lligbl  pon  i ♦ ;q  ijcc  dbainiihes  and  the  pilot  is  forced  to  add 
still  more  power*  'Ibi;  piobUii  .( illustrated  in  figure  9 which  is  a time 
history  of  an  appv>rc  h \.‘ith  a <.uiii  i p,urat  Ion  which  has  substantial  adverse 
thrust-airspeed  coup  I lap.* 
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ri  RloDfi  Intercept  is  from  above  and  is  initiated  by  a change  in 
pitch.  Tracking  is  accomplished  with  thrust  while  attitude  is  held  relatively 
^ At*  flKoiii-  ftO  sec  the  aircraft  starts  to  descend  below  the  glide 

slop^which  prompts  the  pilot  to  add  thrust.  Airspeed  decays 
aircraft  desLnds  still  lower  until  the  thrust  is  at  the  maximum  allowable 
and  the  airspeed  is  well  below  the  desired  value. 

airspeed  is  such  that  the  approach  had  best  be  abandoned. 

nn<»  auestlon  which  the  pilot  must  address  with  a powered-lift  aircraft 
is  ho^^ur^oi:^  ^ai  be  used  in  the  approach.  Assuming 
of  XnXg  the  inclination  of  the  effective  thrust  vector  by  either  flap 
or  nozzle  deflection  or  by  some  other  means,  he  can  increase  the  amo^t  of 
thrust  used  and  thereby  reduce  the  approach  speed  while 
effective  lift  to  drag  required  for  the  steep  flight  path  angle, 
wordf  approi.h  speed  depends  upon  the  amount  of  thrust  used;  but  the 
margins  in  terms  of  flight  path  capability  depend  on  the  excess  thrus 
available . 

n.,r  n<iots  felt  that  they  would  like  to  have  the  capability  of  achieving 
level  flight  without  requiring  a change  in  configuration.  Assuming  that  this 
norformance  is  available  under  standard  conditions,  the  pilot  must  also 
performan  adlustments  must  be  made  to  accommodate  temperatures 

concern  hi^eif  with  what  adjust^nts  ^ presents  a chart  which  was  used 

fonhl^uroosrwUh  ^he  aigmMtor'wing!  It  allows  tha  pilot  to  datcrmlna 
u f vnm  reouir'  d to  achieve  the  thrust  that  would  be  realized  on  a standard 
Sy.  For  exa4le,  our  approach  speed  was  predicated  on  a noMnal  93  percent  ^m 
fol  standard  day  conditions.  For  a day  on  which  the  temperature  was  10  degrees 
above  standard, ^94. 5 percent  rpm  would  be  required,  and  if  in  addition,  the 
field  elevation  was  1000  m (3280  ft) , about  97  percent  would  be  needed.  Under 
these  conditions,  there  would  be  insufficient  thrust  remaining  to  allow  ^^equate 
flight  path  corrections.  In  this  case  our  pilots  would  select  a lesser  noz..le 
deflection  and  accept  a higher  approach  speed  with  its  reduced  thrust 
requirement . 


SUMMARY  OF  OPERATING  PROBLEMS  AND  CONSEQUENCES 


Perhaps  the  greatest  asset  of  a STOL  airplane  in  terms  of  safety  is  its 
low  closure  rate  to  the  intended  touchdown  point.  It  allows  the  pilot  time 
in  which  he  can  observe,  react,  and  make  corrections.  Powered  lift  is  an 
attractive  means  of  achieving  this  performance  while  still  maintaining  the 
high  speed  cruise  and  efficiency  of  a jet  airplane.  There  are,  howevet , 
certain  operating  problems  which  are  inherent  to  the  concept.  Some  of  these 
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are  listed  in  table  I along  with  the  implications  they  might  have  on  either 
the  design  or  operation  of  the  aircraft.  They  are  divided  Into  two  categories, 
the  first  of  which  includes  those  problems  which  are  brought  about  by 
operating  at  low  dynamic  pressures  and  high  lift  coefficients.  Our  experience 
has  shown  that  the  low  aerodynamic  stability  and  damping  associated  with  this 
condition  will  require  some  form  of  augmentation  in  order  to  provide  satlsfac** 
tory  handling  qualities.  The  effect  of  wind  naturally  becomes  more  pronounced 
as  its  velocity  becomes  greater  relative  to  the  approach  speed.  More  dlrec** 
tional  control  is  required  to  accommodate  the  higher  sideslip  or  crab  angles 
associated  with  a given  crosswind  component.  In  addition,  turbulence  or 
gustiness  will  probably  dictate  a requirement  for  Increased  fll^t  path 
control.  Rtmways  whose  length  is  determined  by  no-wind  stopping  distance  are 
comfortable  to  land  on  in  a head  wind  but  suddenly  become  too  short  with  a 
light  tailwind  component. 

The  second  category  includes  operating  problems  which  are  the  direct 
result  of  powered  lift.  The  first  three  of  these  are  the  subject  of  discussion 
in  reference  1.  I would  like  to  comment  on  then  from  the  viewpoint  of  a pilot. 

The  first  two  items  should  actually  go  together,  since  the  adverse  effects  of 
speed  variations  are  due  in  part  to  the  poor  ability  to  control  airspeed. 

Because  of  the  operation  on  the  backside  of  the  thrust  required  curve,  these 
aircraft  will  probably  experience  greater  flight  path  excursions  when  encoun- 
tering wind  shears.  Airspeed  management  through  the  use  of  an  additional 
controller  to  be  operated  by  the  pilot  seems  impractical,  so  some  form  of 
automatic  speed  stabilization  may  be  required.  Adverse  coupling  can,  of 
course,  be  minimized  by  design,  but  if  the  full  performance  benefits  of  the 
powered  lift  system  are  to  be  realized,  some  form  of  control  augmentation  j 

may  be  required.  The  final  item  is  a fact  of  life  which  must  be  accounted  for 
in  the  day-to-day  operation  of  this  type  of  aircraft.  The  use  of  flat-rated 
engines  will  alleviate  the  situation  because  takeoff  thrust  will  be  available 
under  all  conditions  up  to  the  rating  limits.  However,  charts  will  still  have 
to  be  used  to  determine  proper  thrust  settings,  and  operation  outside  these 
limits  will  sometimes  require  a configuration  change  if  adequate  safety 
margins  are  to  be  preserved. 
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TABLE  I.-  SUMMARY 


Operating  problems 


Due  to  low  speed 


Reduced  stability  and  damping 


Effects  of  wind  and  turbulence 


Due  to  powered  lift 


Poor  ability  to  control  airspeed 


effects  of  speed  variation 


Possible  adverse  coupling  between 
thrust  and  airspeed 


Increased  effect  of  temperature 
and  altitude  on  landing  performance 


• i; 


Consequences 


SAS  or  SCAS  required 


Increased  control  required 


Field  length  more  sensitive  to  wind 


More  sensitive  to  wind  shear 


May  require  speed  stabilization 


Can  be  minimized  by  powered-lift 
system  design 


May  require  SCAS 


Landing  performance  must  be 
computed  like  takeoff  performance 


1 ' 


100 

knots' 


SEA  LEVEL 
STANDARD  DAY 
GROSS  WEIGHT,  18,700kg 


CROSSWIND  COMPONENT,  knots 


Figure  6.-  Maximum  wind  conditions  encountered  in  flight  tests. 
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ENGINE  RPM  REQUIRED,  % 


Figure  10.-  Effect  of  temperature  and  altitude  on  approach  thrust 


FLIGHT  EVALUATION  OF  ADVANCED  FLIGHT  CONTROL  SYSTEMS  AND  COCKPIT 
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David  N.  Warner,  Jr,,  Robert  C.  Innia,  and  (iordon  H.  Hardy 
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SUMMARY 


N^'7-18084 


A flight  research  program  was  cimducted  to  assess  the  Improvements,  in 
longitudinal  path  control  during  a STOL  approach  and  landing,  that  can  be 
achieved  with  manual  and  automatic  control  system  concepts  and  cockpit  dis- 
plays with  various  degrees  of  complexity.  NASA-Ames  powered-lift  Augmentor 
Wing  Research  Aircraft  was  used  In  the  research  program.  Satisfactory  flying 
qualities  were  demonstrated  for  selected  stabilization  and  command  augmentation 
systems  and  flight  director  combinations.  The  ability  of  the  pilot  to  perform 
precise  landings  at  low  touchdown  sink  rates  with  a gentle  flare  maneuver  was 
also  achieved.  Flight  research  Is  in  progress  to  demonstrate  fully  automatic 
approach  and  landing  to  Category  Ilia  minimums. 


INTRODUCTION 


Demands  which  are  anticipated  to  be  placed  on  the  operation  of  STOL  trans- 
port aircraft  due  to  requirements  for  precise  glide-slope  tracking,  short  field 
landing  performance,  acceptable  landing  sink  rates,  and  adequate  safety  mar- 
gins, are  expected  to  dictate  a precision  of  control  during  the  transition, 
approach,  and  landing  exceeding  that  which  is  realized  by  current-generation 
jet  transport  aircraft.  The  ability  of  STOL  aircraft,  particularly  those  util- 
izing substantial  amounts  of  powered-lift,  to  meet  these  demands  may  be  impeded 
by  tendencies  toward  sluggish  and  highly  coupled  response  associated  with  the 
low-speed  operation,  high  wing-loading,  and  substantial  thrust  turning  repre- 
sentative of  these  designs.  For  example,  pitch  attitude  control  is  compromised 
by  poor  static  stability,  by  substantial  trim  changes  due  to  thrust  and  flaps, 
by  turbulence  disturbances,  and  by  an  easily  excited  phugold  mode.  Left 
unattended,  the  phugoid  substantially  upsets  flight-path  and  airspeed  and 
degrades  glide-slope  tracking  during  the  approach.  Even  if  precise  attitude 
control  is  achieved,  the  aircraft's  response  to  pitch  attitude  is  adversely 
influenced  by  operation  at  low  speed  and  on  the  backside  of  the  drag  curve  (at 
speeds  where  induced  drag  exceeds  profile  drag).  Sluggish  initial  flight-path 
response  to  pitch  attitude  and  the  Inability  to  sustain  long-term  path  correc- 
tions with  a change  in  attitude  make  path  control  with  attitude  unsuitable. 
While  thrust  is  a very  powerful  path  control,  coupling  of  flight-path  and  air- 
speed (as  a consequence  of  large  effective  thrust  turning  angles)  and  thrust 
response  lags  make  thrust  control  of  flight  path  unsatisfactory  or  even  unac- 
ceptable. Consequently,  it  may  be  necessary  to  develop  flight  control^and 


{Hoplay  concoptB  that  Improve  the  inherent  control  charaeterlatlca  of  thla 
type  of  aircraft  if  the  operational  requirements  ore  to  ho  met. 

The  Ames  Research  Center's  Aupmentor  Wing  Research  Aircraft  Is  a 
propulslve-llft  Jet  STOL  transport  that,  because  of  Its  conf iRuration  and 
operational  flight  conditions,  exhibits  some  of  the  control  charactorlst Jes 
noted  in  t*-  foregoing  discussion.  The  aircraft  was  developed  for  the  pur- 
pose of  dome '.stratlng  the  augmented  jet  flap  concept  for  powored-llft  STOL 
operation  and  to  provide  a powered-llft  STOL  transport  aircraft  for  flight 
dynamics,  navigation,  guidance  and  control,  and  STOL  operations  flight 
research.  It  was  initially  procured  with  flying  qualities  sufficient  to  per- 
mit the  exploration  of  Its  flight  envelope  and  to  demonstrate  the  performance, 
stability  and  control  characteristics  associated  with  the  augmented  jet  flap. 
Following  the  proof-of-concept  flight  tests,  a versatile  digital  avionics 
system  and  an  array  of  cockpit  displays  were  Installed  In  the  alrcr^'ft  to 
extend  Its  capability  to  support  the  research  program  noted  above.  Two 
major  efforts  have  been  under  way  to 

• define  and  evaluate  stabilization  and  command  augmentation  systems 
(SCAS)  and  displays  for  improving  flying  qualities  associated  with 
a manually  flown  IFR  approach  and  landing 

• define  and  determine  the  approach  and  landing  performance  and  pilot 
acceptance  of  fully  automatic  flight  control  systems  and  associated 
displays  for  visibility  conditions  down  to  Category  Ilia. 

Among  the  more  challenging  tasks  for  either  the  pilot  or  an  automatic 
system  to  perform  with  these  aircraft  is  glide-slope  tracking  and  flare  to 
a precise  touchdown.  The  following  sections  describe  the  results  to  date 
of  flight  research  conducted  to  assess  the  improvement,  in  longitudinal  path 
control  during  the  approach  and  landing,  which  can  be  achieved  for  a given 
degree  of  control  system  and  display  complexity.  Although  these  control 
systems  and  displays  have  been  demonstrated  on  a specific  powered-llft  con- 
cept, the  nature  of  the  path-control  Improvement  Is  considered  to  be  '’.pll- 
cable  to  other  powered-llft  aircraft  configurations. 


SYMBOLS 


y/.» 

IFR 

instrument  flight  rules 

• >1 

MLS 

microwave  landing  system 

* 

VFR 

visual  flight  rules 

.l-'O 

vertical  acceleration  derivative  with  respect  to  the  throttle 
control 

Au  /Ay 
ss'  *8S 

ratio  of  change  of  steady-state  airspeed  to  flight  path  due 
to  a change  In  thrust  at  constant  pitch  attitude 

V '1 

A4 

dv/du 
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condition  ■ roiiat.int  thTuat 
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Ay  /At)  ratio  of  tho  poak  chanpo  In  llh-.lit  pal  ti  to  tin-  at.adv- it  at  o f lianpo 
In  pitch  attitude 

AY  /Ae  ratio  of  the  Bteadv-ntate  clmuKOB  In  mph.  path  to  pit.l.  attitude 
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DESCRIPTION  OF  THE  BASIC  ATRCRM'T 


The  Augmentor  Wing  Research  Aircraft  (fig«  1)  «t  do  HavillanJ  C-8A 
Buffalo,  modified  by  The  Boeing  Company,  de  Hnvilland  of  Canada,  and  Rolls  Royce 
of  Canada  to  incorporate  a propulsive-lift  system.  It  has  a maximum  gross 
weight  of  21,792  kg  (48,000  lb)  and  a range  of  operational  wing  loadings  of 
215-272  kg/m'  (44-55  Ib/ft^).  The  prcpulslve-lif t system  utilizes  an  augmentor 
Jet  flap  designed  for  deflections  up  to  75*.  Rolls  Royce  Spey  MK  801-SF  engines 
power  the  aircraft  with  fan  air,  used  to  blow  the  augmentor  flap,  and  with  hot 
thrust  which  can  be  deflected  over  a range  of  98®  through  two  conical  nozzles  on 
each  engine.  Primary  flight  controls  consist  of  a single-segment  elevator  for 
pitch  maneuvering  and  trim;  ailerons,  spoilers,  and  outboard  augmentor  flap 
chokes  used  in  combination  for  roll  control;  a two-segment  rudder  for  yaw 
control;  vectored  hot  thrust  for  path  and  speed  control;  and  inboard  augmentor 
flap  chokes  for  lift  control.  A more  detailed  physical  description  of  the  air- 
craft and  Its  characteristics  is  given  in  reference  1. 

Before  describing  the  SCAS,  display,  and  autopilot  concepts  investigated 
In  this  research  program,  it  is  useful  to  review  the  flight-path  control 
characteristics  of  the  basic  aircraft  and  to  identify  the  objectives  for 
improving  flying  qualities.  Longitudinal  path  control  can  be  accomplished  during 
the  approach  and  landing  by  either  modulating  thrust  or  deflecting  the  hot  thrust 
component;  however,  neither  the  throttle  nor  nozzle  controls  are  satisfactory 
for  approach  or  flare  control.  Since  the  approach  is  conducted  on  the  backside 
of  the  drag  curve,  pitch  attitude  is  primarily  used  for  speed  control.  Suffi- 
cient, short-term  path  control  in  response  to  attitude  exists  to  provide  at 
least  marginally  acceptable  flare  and  landing  precision. 

Figure  2 illustrates  the  aircraft's  stabilized  path  control  capability 
using  either  throttle  or  nozzle  controls.  Throttle  control  char.acteristlcs  are 
shown  at  the  left  for  the  approach  flap  setting,  a nominal  approach  thtust 
vector  angle  of  80®,  and  for  thrust  levels  corresponding  to  engine  speeds  from 
90  percent  rpm  to  a maximum  setting  of  100  percent.  A typical  approaclj  would  be 
conducted  on  a 7.5®  glide  slope  at  a speed  of  63  knots.  At  the  approach  speed, 
the  aircraft  is  only  capable  of  achieving  flight-path  angles  from  -4  to  -11 
for  this  range  of  thrust  settings.  If  pitch  attitude  is  maintained  constant 
by  the  pilot  or  by  an  attitude  stabilization  system,  this  path  control  capability 
is  reduced  to  a range  from  -4.8®  to  —9.9°  as  a consequence  ot  flight-path/ 

airspeed  coupling  (Au  /Ay  = -2.2  knots/deg)  and  the  operation  en  the  backside 
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,.i  ilir  ..IraR  curvf.  TIu’  Htc-ndy  fl  1 rcl'it  lonHli  tp  at  conatant  thruat 

r.u-  rh.>  bafki-tlda  condlllon  In  d,/(.lii  - 0, 1 bVkaot  and  It  d..')<rad<.'f4  ..■llmh  and 
dcfU  ciit  pt>r fi >rniain’('  wlian  npi'rd  (a  allowi*d  to  vary  aliout  tlu.*  approaoli  i id  I'rt'iif’i.’, 

I’ I li'lit-iml  li  I'oalrol  .•apaMllty  that  can  ho  achlovod  hy  del  loot  lii)'  tlio 
no;!i:lo!;  at  a nominal  api.r..;udi  thrunt  Hottln)-  of  'lA  porcont  rpir.  In  Jl  luntr.-tod 
at  tho  rl}',l»t«  'I’lio  f I I |',ht-path  onvolopo  In  i^Kpandcd  ovor  that  avaJlaliU*  unlnp, 
tlirnnt  control,  with  oapahlllty  ol  acdilovlnp,  path  anp.lon  of  to  -IJ.I  for 

tin*  iiiaKimiim  j anp.o  of  no."./lo  any, Ion  1 rom  h**  to  1U4”.  Iho  rolat  lonnhlp  of  path 
and  npood  rowponno  to  tho  nozzle  control  at  coiintant  attitude  Is  conventional 
in  that  positive  path  Iinroinentn  are  accompanied  liy  Increased  alrnpeod  and 
'•Ice  versa. 

Thi*  transient  re'iponsi*  of  flip,ht“path  and  airspeed  to  thrust  lor  constant 
attitude  is  shown  In  the  time  histories  of  figure  3.  Flight-path  Initially 
responds  quiekly  to  the  change  In  thrust  and  with  an  acceptable  throttle  sensl- 
tlvlt.v  (Z,,V|.  =•  -O.UA  g/cm  or  -0.1  g/ln.).  The  equivalent  first-order  thrust 
time  constant  Is  approximately  0.75  sec.  However,  the  Initial  pith  response 
wasic's  out  to  a U>wcr  value  (.‘-^m^x/AYss  2.1).  Airspeed  response  Is  decidedly 

iinci'nvont lonal  In  tliat  speed  decays  following  an  Increase  In  thrust  and  is  in 
turn  reflected  in  the  constant  attitude  path-speed  coupling  noted  previously. 

Time  histories  of  path  and  speed  response  to  the  nozzle  control  at  constant 
attitude  are  also  presented  in  figure  3 for  comparison  with  thrust  control  char- 
acteristics. The  initial  patli  response  to  nozzle  deflection  is  sluggish  com- 
pared to  the  response  to  a thrust  increment  and  the  response  may  not  be  suffi- 
cient for  tight  glide-slope  tracking  in  turbulence.  If  quicker  path  response  is 
desii.cd,  the  pilot  must  initiate  the  correction  with  pitch  attitude  and  follow- 
up with  the  nozzle  control  to  sustain  the  long-term  correction.  Coupling 
between  flight  path  and  airspeed  at  constant  attitude  is  conventional  as  was 
pfj.viously  noted.  Some  pitch  control  may  be  coordinated  with  the  nozzle  control 
if  the  pilot  desires  to  maintain  airspeed. 

These  characteristics  of  flight-path  and  airspeed  response  to  the  throt»-’c 
and  nozzle  controls  dictate  that  the  throttles  be  used  for  precise  glide— slope 
tracking  .-ind  that  the  nozzles  be  used  to  augment  thrust  control  for  gross  path 
corrections.  Due  to  the  amount  of  flight-path  overshoot  and  path-speed  coupling 
associated  with  thrust  control,  it  is  difficult  for  the  pilot  to  anticipate  the 
amount  of  tlirust  required  to  Initiate  and  stabilize  a path  correction.  As  a 
ci'iisequonce , bi'  musit  devote  considerable  attention  to  path  and  speed  control. 
Attitude  contvi'l  mav  be  used  to  reduce  path-speed  coupling  by  coordinating,  atti- 
tude changes  witli  tlie  thrust  control  to  minimize  the  speed  excursions.  However, 
this  requirement  for  continuous  control  in  the  pitch  axis  Increases  the  pilot  s 
control  workload  for  glide-slope  tracking.  Furthermore,  the  control  tichivique 
is  unfamlUir  in  that  nose-down  attitude  changes  are  required  to  maintain  spend 
when  tlie  pilot  Increases  ttirust  to  reduce  the  descent  rate,  and  vice  versa. 

Raw  data  IFR  glide-slope  control  down  to  a decision  height  of  bO  m (TOO  ft) 
with  the  tlirotlli'S  alone  was  given  pilot  ratings  of  5 to  b.  These  ratings  •'.■ore 
based  I'li  the  (‘oopor-Ilarper  se’alo  <>t  ri'l  eTiTue'  J and  wi'te’  due  to  l.irge  g.itl.  ..pied 
coupling,  and  unpre’d  Iclablo  I light-path  ri*s])onsc.  P.ath-cont  t o I authority  was  .ilsi' 
eonsidetod  in.^.nlfi>' ient  for  g,!  idc-!!lopo  tracking  in  t nrlni  I ence . As  a 
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conoequence,  glide-slope  control  required  coordinated  use  of  the  throttles  and 
nozzle  controls  and  still  was  given  pilot  ratings  of  5 to  6 due  to  the  sluggish 
path  response  to  changes  in  the  nozzle  deflgction  and  the  workload  associated 
with  manipulation  of  the  various  controls. 

The  landing  flare  was  routinely  performed  by  pitching  the  aircraft  to  a 
touchdown  attitude  with  some  adjustment  in  thrust  to  offset  high  angles  of  attack 
or  high  sink  rates  at  flare  entry  or  to  compensate  for  any  floating  tendency. 
Response  of  the  aircraft  to  the  pitch  rotation  develops  adequate  normal 
acceleration  to  check  the  sink  rate  to  an  acceptable  level  (ArMAx{^^ss  0*55) . 
However,  a pitch  rotation  on  the  order  of  10**  at  a rate  of  2 to  3 /sec  is 
required  to  check  the  sink  rate  to  1.8  m/sec  (6  ft/sec)  and  this  is  considered 
unsatisfactory  for  commercial  operation.  Flare  and  landing  accomplished 
primarily  using  pitch  with  an  assist  as  required  from  thrust  was  given  ratings 
from  3-1/2  to  5. 

In  summary,  the  requirement  to  coordinate  the  use  of  three  controls  for 
precise  tracking  and  to  establish  the  proper  flare  conditions  presented  the 
pilot  with  an  unsatisfactory  workload.  As  a consequence,  it  is  desirable  to 
improve  approach  path  control  by  eliminating  the  path-speed  coupling,  by 
reducing  the  number  of  controls  required  for  path  control,  by  quickening  path 
response  for  glide-slope  tracking  and  flare,  by  desensitizing  response  to  winds 
and  turbulence,  and  by  providing  better  tracking  commands  to  the  pilot. 


DESCRIPTION  OF  THE  FLIGHT  RESEARCH  PROGRAM 


To  achieve  desired  improvements  in  control  and  reductions  in  pilot  workload, 
combinations  of  experimental  SCAS,  display,  and  autopilot  configurations  were 
chosen  for  evaluation  in  the  flight  research  program.  The  SCAS  configurations 
that  were  evaluated  are  described  in  table  I.  The  program  proceeded  with  a 
buildup  in  complexity  of  the  control  system  for  improving  manual  path  control, 
including  a throttle-nozzle  interconnect  to  reduce  the  number  of  path  controllers 
and  to  provide  path-speed  decoupling;  speed  stabilization  to  eliminate  the  back- 
side of  the  drag  curve  operation  and  to  reduce  the  requirement  for  thrust 
modulation;  and  flight-path  SCAS  to  allow  the  pilot  to  control  the  flight-path 
vector  with  pitch  attitude  so  as  to  reduce  the  path-tracking  requirement  to  a 
single  control.  A fully  automatic  system  was  also  mechanized  for  glide- slope 
capture,  tracking,  and  flare.  Evaluations  of  various  displays  were  obtained 
for  selected  SCAS  options  and  for  the  autopilot  mode.  Raw  data  glide-slope 
tracking  was  assessed  for  all  the  SCAS  configurations.  A I light  director  was 
evaluated  for  straight-in  approaches  with  the  throttle-nozzle  Interconnect  and 
with  the  flight-path  SCAS,  and  as  an  approach  monitor  for  the  automatic  flight 
mode.  Detailed  descriptions  of  the  flight  control  and  display  modes  are  subse- 
quently provided  with  the  discussion  of  results  obtained  during  the  flight 
experiments.  Pitch,  roll,  and  yaw  SCAS  was  provided  with  all  cont iguiations. 

Landing  approaches  were  flown  on  a 7.5°  glide  slope  at  airspeeds  from 
65  to  70  knots  to  landings  on  a 30  m by  518  m (100  ft  by  1700  it)  STOl,  runwav 
at  NASA  Ames'  experimental  flight  facility  at  the  Crows  landing  Naval  airfield. 
Landing  approach  guidance  was  provided  by  a prototype  microwave  landing  svstcni 


(MODTLS).  Research  plJots  from  NASA  Ames,  tlio  Cmi.ulian  Department  of  Transport 
and  National  Aeronautical  hstabllshmeiit  eotHliictod  the  f 1 Ffd't  evaluations  In  this 
program.  Both  VFR  and  IFR  ap])ruaelies  v/cTe  flown  In  calm  to  light  wind  condi- 
tions. Additional  evaluations  were  olilained  whi'ii  possihle  with  surface  condi- 
tions ranging  from  strong  headwinds  to  light  tailwinds  and  In  light  to  moderate 
turbulence.  Pilot  commentary  and  opinion  ratings  based  on  the  Cooper-Harper 
scale  were  obtained  for  all  configurations.  Tlie  pilots'  assessments  of  the 
accept.abllity  of  the  manually  controlled  i'lare  and  touchdo\tfn  were  based  on  the 
consistency  of  landing  performance  (touclulc'wn  point  and  sink  rate)  which  could 
be  achieved  for  a particular  configuration  ratlier  than  on  the  ability  to  land 
at  a specific  point  within  a prespec 1 f 1 ed  sink  rate.  Flared  landings  were  per- 
formed to  reduce  the  approach  sink  rate  (A.'i  m/sec  or  14  ft/sec)  to  levels  well 
within  the  aircraft's  landing  gear  limits  (3.8  m/sec  or  12.6  ft/sec). 


DESCRIPTION  OF  THE  EXPERIMENTAL  njCH’I  CONTROL  SYSTEM  y\ND  DISPLAYS 


The  aircraft's  primary  flight  controls  described  previously  can  be  driven 
through  servos  commanded  by  an  experimental  digital  avionics  system  (STOLAND) . 
This  system  was  developed  for  NASA  Ames  by  Sperry  Flight  Systems  and  is 
described  In  reference  3.  The  major  components  of  the  system  are  a Sperry  1819A 
general-purpose  digital  computer  and  a data  adapter  to  interface  the  aircraft's 
sensors,  controls,  displays,  and  navigation  aids.  The  controls  used  for  longi- 
tudinal path  tracking  are  the  elevator  for  pitch  attitude  stabilization  and 
the  inboard  augmentor  chokes,  throttles,  and  nozzles  for  vertical  path  and 
airspeed  control.  The  pitch  stabilization  system  is  driven  by  an  electro- 
hydraulic  series  servo  actuator  limited  to  38.5  percent  of  total  elevator 
authority.  The  inboard  augmentor  flap  chokes  are  full  authority  controls  which 
are  also  driven  by  electro-hydraulic  servos.  The  Spey  engines'  throttles  and 
hot  thrust  nozzles  are  driven  by  electro-mechanical  parallel  servos  with  full 
control  authority.  Commands  to  these  controls  appropriate  for  the  various  SCAS 
or  automatic  modes  of  interest  are  generated  through  suitable  combinations  of 
sensor  information  processed  when  necessary  by  complementary  filters  to  retain 
high  frequency  content  while  removing  undesirable  noise  or  gust  disturbances. 


The  primary  instrument  displays  and  s 
pilot  are  an  electronic  attitude  director 
pitch  and  roll  attitude;  .aerodyanmlc  fl  igb 
deviation;  and  calibrated  airspeed,  vertic 
tal  readout.  Flight  director  commainl  bars 
desired.  A mul tl funct ion  display  provlitos 
craft's  position  with  rcspci-t  to  tln‘  di  n i r 
altitude  status  informat  h'n . A nioclianlcal 
presents  aircraft  heading  and  bearing  lo  t 
slope  and  localizer  deviation.  A moflo  o,  l 
Ing  SCAS  modes,  the  flight  director.  .ii>d  \ 
<and  stattis  display  c>n  the  center  colons  !o  ; 
Instrtjc.tlons  to  tiie  digital  compulor. 


ystom  mode  controls  available  to  the 
indicator  (F.ADT),  w’hich  presents 
t patli;  raw  glide-slope  and  localizer 
al  speed,  .ind  radar  altitude  in  dlgi- 
c.an  lie  (.ailed  up  on  the  display  if 
I moving  map  pre.sentatlon  of  the  air- 
I’d  ' lii'.liL  path,  as  well  as  heading  and 
liorizont.il  situation  indicator  (HSl) 
lie  n.ivi.'.it  ion.il  aid  as  well  as  glide- 
( ' I panel  provtdpcj  .sxcitches  for  engag- 
11‘ious  I'lto!  Mot  modes,  A keyboard 
I '' ' t (!aii!i’l  .■ii!.-.  ,ind  readout  of 
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DISCUSSION  OF  RESULTS 


Results  of  manual  control  for  raw  data  IFR  approaches  with  the  various  SCAS 
modes  will  be  reviewed  first.  Coutrlljutlon  of  these  modes  to  control  of  the 
flare  and  landing  will  be  noted  v^'liere  appropriate.  Next,  the  Influence  of 
improved  displays  on  manually  flown  approaches  will  be  discussed.  Finally, 
experience  to  date  with  fully  automatic  glide-slope  tracking  modes  will  be 
reviewed.  A summary  of  pilot  ratings  for  the  manual  SCAS  modes  for  raw  data  IFR 
and  flight  director  displays  is  provided  in  table  II.  The  results  shown  encom- 
pass the  range  of  pilot  ratings  obtained  in  the  flight  evaluations  for  each 
experimental  configuration. 

Contribution  of  Manual  SCAS  Modes 


Throttle-nozzle  interconnect  — A simple  means  for  reducing  the  flight  path- 
airspeed  coupling  and  Improving  closed-loop  flight-path  control  for  the  basic 
aircraft  aan  be  provided  by  interconnecting  the  aircraft's  throttle  and  nozzle 
controls.  This  interconnect  is  mechanized  by  a constant-gain  linear  crossfeed 
from  the  throttle  to  the  nozzle  control  servo.  The  sense  of  this  interconnect 
is  to  reduce  the  hot  thrust  deflection  for  an  increase  in  thrust,  and  vice 
versa.  An  illustration  of  the  influence  of  this  interco -nect  on  the  aircraft’s 
performance  envelope  is  presented  in  figure  4 for  a value  of  the  Interconnect 
gain  which  essentially  eliminates  path-speed  coupling  at  constant  attitude  for 
the  approach  condition.  The  contours  on  the  diagram  are  for  constant  throttle 
position  and  nozzle  angles.  In  comparison  to  the  performance  envelope  of  the 
basic  aircraft,  which  is  reproduced  on  the  figure,  this  control  configuration 
provides  a substantial  increase  in  path-control  capability,  A positive  climb 
angle  of  1,7*  can  now  be  generated  at  100  percent  rpm,  while  a quite  steep 
descent  of  -14.5*  can  be  obtained  at  90  percent  rpm.  Improvements  in  dynamic 
path  response  can  also  be  recognized  in  the  time  histories  for  a step  thrust 
application  shown  in  the  figure.  Flight-path  responds  quickly  with  no  overshoot, 
and  very  little  change  in  airspeed  is  noted.  This  behavior  would  permit  the 
pilot  to  track  the  glide  slope  with  the  throttle  alone  and  not  require 
significant  pitch  control  to  Improve  path  response  or  maintain  speed. 

Pilot  ratings  fro.u  4-1/2  to  5 lor  raw  data  IFR  operation  to  a 60  m (200  ft) 
decision  height  represented  some  improvement  over  the  basic  aircraft  and  were  a 
consequence  of  the  improved  path  response  and  reduced  workload  for  speed  control. 
The  requirement  to  modulate  both  the  throttles  and  nozzle  controls  for  glide- 
slope  tracking  is  relieved  and  with  the  disturbances  to  speed  reduced  sub- 
stantially, the  approach  can  be  flown  with  a single  control,  the  throttle. 
Increased  path-control  authority  provides  better  capability  for  coping  with 
disturbances  due  to  turbuieiue  and  wind  shears.  The  primary  remaining  deficiency 
in  path  tracking  and  one  that,  accounts  for  the  unsatisfactory  pilot  rating  is 
the  instrument  scan  workload  for  lateral  path  tracking  associated  with  the  raw 
data  display.  No  modification  of  flare  control  characteristics  or  technique  is 
associated  with  this  configuration. 


Alrapcfcd  stabilization  — Another  means  of  eliminating  the  flight-path/ 
airspeed  coupling  induced  by  thrust  control  is  to  stabilize  airspeed  at  the 
selected  approach  condition.  By  prohibiting  significant  variation  in  airspeed 
response  to  thrust,  the  dynamics  of  flight-path  response  to  thrust  can  be 
improved  to  the  same  extent  as  that  provided  by  the  throttle/nozzle  interconnect. 
Speed  stabilization  also  inhibits  the  backside  of  the  drag  curve  characteristics 
associated  with  the  aircraft's  response  to  pitch  attitude  variations  thus 
permitting  attitude  to  be  used  for  flight -path  control.  This  system  also  reduces 
variations  of  speed  and  flight-path  in  response  to  longitudinal  gust  components. 

The  system  operates  by  driving  the  nozzles  in  proportion  to  speed  error. 

In  the  approach  condition  with  the  hot  thrust  deflected  80*,  Incremental 
changes  in  nozzle  deflection  provide  essentially  longitudinal  force  control 
and  can  produce  up  to  ±0.1  g of  longitudinal  acceleration  within  the  nozzle 
control  limits.  With  this  authority,  it  is  possible  to  counteract  longitudinal 
force  perturbations  of  a magnitude  associated  with  6®  changes  in  pitch  attitude 
or  1.9  knot/sec  horizontal  wind  gradients. 

Figure  5 illustrates  the  aircraft’s  dynamic  response  to  pitch  attitude  at 
constant  thrust  with  the  speed  stabilization  system  operating.  It  is  apparent 
in  the  figure  that,  within  the  authority  of  the  nozzles  the  aircraft  is  very 
markedly  operating  on  the  frontside  of  the  drag  curve.  Substantial  changes  in 
flight  path  can  be  obtained  with  little  change  in  airspeed.  Capability  exists 
to  achieve  level  flight  vdth  no  throttle  adjustments  although  large  attitude 
changes  may  be  required.  The  dynamic  response  of  flight  path  to  the  change  in 
attitude  occurs  with  no  overshoot.  Consequently,  the  pilot  may  use  a control 
technique  for  the  landing  approach  that  relies  primarily  on  pitch  attitude 
corrections  for  glide-slope  tracking  and  requires  only  infrequent  adjustments 
in  thrust  for  sustaining  gross  changes  in  rate  of  descent.  When  nozzle  limits 
are  reached,  the  aircraft’s  response  will,  of  course,  revert  to  the  backside 
characteristics  associated  with  the  basic  aircraft,  and  thrust  modulation  will 
be  required  for  glide-slope  corrections. 

The  speed  stabilization  system  also  has  capability  to  suppress  flight-path 
disturbances  due  to  horizontal  wind  shear.  When  the  system  is  engaged,  it 
drives  the  nozzles  to  counteract  the  accelerations  associated  with  the  shear 
gradient,  thereby  reducing  the  magnitude  of  the  change  of  airspeed,  and 
consequently  suppressing  the  source  of  the  flight-path  disturbance.  As  Indicated 
previously,  tne  nozzle  authority  is  equivalent  to  a 1.9  knot/sec  horizontal 
gradient,  which,  for  the  nominal  approach  sink  rate  (4.3  m/sec  or  14  ft/sec  at 
65  knots  on  a 7.5°  glide  slope)  at  which  this  aircraft  is  operated,  corresponds 
to  a spatial  gradient  of  13.3  knots/30  m (13.3  knots/lOO  ft).  When  the  nozzles 
reach  an  authority  limit,  the  pilot  still  has  substantial  capability  to 
counteract  subsequent  path  disturbances  with  an  application  of  thrust. 

Stabilization  of  airspeed  at  this  selected  approach  reference  permitted  the 
pilot  to  track  the  glide  slope  with  the  pitch  control  with  only  occasional 
adjustments  of  thrust  for  large  path  angle  changes.  The  flare  could  also  be 
performed  with  pitch  as  it  could  for  the  basic  aircraft,  although  some  thrust 
reduction  was  required  to  Inhibit  a tendency  to  float.  These  characteristics 
were  the  basis  for  pilot  ratings  in  the  3-1/2  to  4-1/2  category  for  raw  data 
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approaches.  The  pilots  expressed  a desire  lor  a more  autl>orltatI ve  path  control, 
and  quicker  heave  responses  for  flight  path  changes  on  short  final  and  for  the 
flare  maneuver.  Hence,  they  were  um^rilling  give  the  system  clearly  satisfac- 
tory ratings.  Speed  excursions  during  maneuvers  and  in  the.  presence  of  turbu- 
lence were  substantially  reduced  by  the  system  and  heac.e  path  dlstrubances  which 
would  ordinarily  be  Induced  were  largely  suppressed. 

Flight— path  command  and  stabilization—  Improvements  in  flight-path  response 
for  glide-slope  tracking  and  flare  can  be  achieved  by  quickening  the  Initial 
path  response  to  pitch  attitude  control,  by  providing  Increased  steady— state 
path  control  authority  with  pitch  attitude,  and  by  reducing  path  disturbances 
due  to  winds  and  turbulence.  To  obtain  these  Improvements,  capability  must  be 
Incorporated  in  the  flight  control  system  for  quickly  generating  increments  in 
lift  on  the  order  of  +0.1  to  0.2  g.  This  capability  in  the  Augroentor  Wing  Air- 
craft is  provided  by  the  inboard  augmentor  flap  chokes.  In  the  approach  config- 
uration, the  chokes  have  an  authority  of  ±0.12  g.  Flight-path  stabilization  is 
achieved  by  driving  the  chokes  in  proportion  to  flight-path  angle  error  based  on 
a reference  established  at  the  time  of  system  engagement.  Changes  in  flight- 
path  can  be  commanded  by  the  pilot  through  changes  in  pitch  attitude  which  drive 
the  chokes  through  the  feedforward  path.  Additional  path  command  quickening 
could  be  obtained  through  a feedforward  of  column  force  (the  attitude  command 
input);  however,  simulation  studies  indicated  this  additional  command  quickening 
did  not  produce  significant  improvement  in  path  tracking. 

The  speed  stabilization  system  described  prevJ.iusly  was  used  in  conjunction 
with  the  flight-path  SCAS  to  permit  a frontside  control  technique  to  be  adopted 
for  glide-slope  tracking.  An  indication  of  the  quickened  response  and  increased 
path  control  authority  is  shown  in  comparison  with  the  basic  aircraft  and  tl;e 
speed  stabilization  system  in  figure  5.  The  incremental  changes  in  path  angle 
in  response  to  attitude  are  essentially  equal  (Ayss/^^ss  = l.H);  hence,  it  is 
possible  to  effectively  point  the  flight  path  vector  in  the  desired  direction 
with  the  aircraft’s  pitch  attitude.  With  this  path  quickening  and  path-control 
authority,  glide-slope  tracking  can  be  accomplished  through  attitude  control 
alone,  thus  considerably  simplifying  the  pilot's  longitudinal  -'ontrol  workload. 

This  system  also  provides  a flare  capability  that  permits  a less  dramatic 
flare  maneuver  than  that  required  for  the  basic  aircraft  to  arrest  the  sink  rate 
prior  to  touchdown.  It  can  be  seen  in  figure  6 that  the  landing  sink  rate 
for  the  basic  aircraft  is  approximately  2 m/sec  (6  ft/sec)  as  compared  to  1 m/sec 
(3  ft/sec)  with  the  flight  path  SCAS.  Furthermore,  where  a pitch  rotation  in 
excess  of  10®  is  required  for  the  basic  aircraft,  this  maneuver  is  reduced  to 
approximately  5°  with  this  SCAS  configuration. 

The  combination  of  flight-path  SCAS  with  the  speed  st.ibiJ  ix.ation  system 
allowed  the  pilot  to  fly  the  approach  and  to  perform  the  landing  using  attitude 
control  alone.  No  throttle  manipulation  was  required  other  tluin  a tonvcntional 
reduction  of  thrust  duri.ig  the  latter  stager,  of  the  f lare  to  lounteruet  anv  ten- 
dency to  float  (as  noted  in  the  previous  discussion).  As  indicated  in  table  11, 
pilot  ratings  from  2 to  4 were  given  to  this  configuration  for  approaih  rath- 
tr.acklng  and  ratings  of  2-1/2  to  3 for  the  flare.  I’avc'rable  ooniim-nt.s  we*c 
expressed  with  regard  to  the  reduced  workload,  the  improved  heave  responsi-,  ami 
more  docile  fl.are  requirements.  Although  path  disturbances  due  to  winds  and 
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turbulence  were  noticeably  suppressed,  this  configuration  offered  very  little 
better  perfortiiance  than  the  speed  stabilized  configuration  in  this  regard.  The 
pilot  rating  of  4 for  glide-slope  tracking  was  based  on  the  workload  associated 
with  the  instrument  scan  for  a raw  data  IFR  approach.  Improvements  in  this 
evaluation  that  can  be  obtained  with  a flight  director  will  be  discussed 
subsequently. 


Influence  of  Displays 

Raw  data  — The  raw  data  information  was  provided  by  a conventional  cross 
pointer  display  located  on  the  HSI.  In  comparison  to  a conventional  ILS,  the 
glide  slope  and  localizer  cross-pointer  needles  were  desensitized  in  proportion 
to  the  approach  path  angle  and  the  range  from  the  runway  landing  zone  to  the 
localizer  transmitter.  Sensitivity  was  set  at  approximately  l®/dot  for  both 
indicators.  A cross  bar  representing  aerodynamic  flight-path  angle  in  the  ver- 
tical plane  was  available  on  the  EADI,  superimposed  on  the  pitch  attitude  scale. 
This  display  was  useful  in  providing  lead  information  for  glide-slope  acquisi- 
tion and  tracking,  and  for  alerting  the  pilot  to  incipient  glide-slope  devia- 
tions caused  by  variation  in  horizontal  and  vertical  winds  and  turbulence.  An 
MLS  box,  superimposed  on  the  EADI,  offered  a more  integrated  display  for  MLS 
tracking  and  a potentially  reduced  scanning  workload  for  the  pilot.  The  EADI 
and  HSI  displays  are  illustrated  in  figure  7. 

Pilot  evaluations  for  the  SCAS  modes  noted  in  the  previous  section  were 
performed  with  the  raw  data  information.  Objections  were  registered  concerning 
the  instrument  scan  workload  between  the  EADI  and  HSI  and  one  pilot  could  not 
justify  a rating  better  than  4 for  glide-slope  tracking  with  the  best  SCAS  con- 
figuration; this  was  because  of  the  overall  task  workload  contributed  by  the 
instrument  scan.  Favorable  comments  were  given  to  use  of  the  flight-path  angle 
bar  for  glide— slope  tracking.  In  some  instances,  the  pilots  felt  this  informa- 
tion improved  their  ability  to  control  glide  slope  enough  to  warrant  a one-half 
to  one  unit  improvement  in  pilot  rating.  Although  the  presentation  of  raw  MLS 
deviation  on  the  EADI  provided  a more  Integrated  display,  the  pilots  felt  this 
offered  little  Improvement  for  the  task  because  it  was  still  necessary  to  refer 
to  the  HSI  to  get  heading  information  for  localizer  tracking. 

Flight  director  — The  three-axis  flight  director  consisted  of  commands  for 
the  pilot’s  throttle,  column,  and  wheel  controls  for  glide-slope  and  localizer 
tracking,  maintaining  the  desired  airspeed,  and  safe  angle-of-attack  margins. 
This  flight  director  was  designed  for  the  Augmentor  Wing  Aircraft  under  contract 
by  Systems  Technology,  Inc.  and  is  described  in  detail  in  reference  4.  Comple- 
mentary filtered  vertical  velocity,  vertical  beam  deviations  and  deviation  rate 
are  generated  for  use  in  holding  altitude,  and  capturing  and  tracking  the  glide 
slope.  When  in  level  flight,  the  Inputs  to  the  pitch  bar  present  commands  to 
the  pilot  to  maintain  the  altitude  at  the  time  the  flight  director  was  engaged. 
Glide-slope  capture  is  initiated  when  the  aircraft  is  within  30  m (100  ft)  of 
the  glide-slope  beam.  Subsequent  glide-slope  tracking  may  either  be  done  with 
throttles  or  pitch  control,  depending  on  the  flight  control  system  configura- 
tion. Schedule  changes  in  thrust  and  pitch  attitude  are  commanded  as  a function 
of  flap  angle  and  Initiation  of  glide-slope  capture.  Angle-of-attack  margins 
are  protected  through  commands  for  increased  tlirust  Introduced  to  the  throttles 
when  the  angle  of  attack  exceeds  10°.  A limit  on  the  thrust  command 
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corresponding  to  maximum  authorized  thrust  (rpm  » 98.5  percent)  Is  Included  In 
the  throttle  logic.  Commands  to  maintain  the  reference  airspeed  are  Introduced 
to  the  pitch  bar  In  the  event  a speed  stabilization  system  Is  not  utilized  dur- 
ing Che  approach.  Complementary  filtered  lateral  beam  deviation  and  deviation 
rate  are  generated  for  lateral  path  capture  and  tracking. 

The  flight  director  provided  a significant  reduction  In  scanning  workload 
and  a reduction  in  vertical  and  lateral  excursions  during  the  approach.  The 
aircraft  generally  arrived  at  a 30  m (100  ft)  decision  height  better  established 
for  a precise  flare  and  landing  when  the  flight  director  was  used,  and  in  these 
cases  improvements  in  pilot  ratings  from  one  to  two  units  were  obtained.  As 
indicated  in  table  II,  evaluation  of  the  throttle/nozzle  interconnect  configura- 
tion was  improved  from  pilot  ratings  of  4-1/2  to  5 with  raw  data  to  2 to  3 with 
the  director  for  operation  to  30  m (100  ft)  minimums.  In  this  case,  the  direc- 
tor logic  was  structured  to  command  vertical  path  control  through  the  throttles. 
The  flight-path  SCAS  configuration  was  given  ratings  of  1-1/2  to  2-1/2  with  the 
director.  For  this  configuration,  path  tracking  commands  were  oriented  to  the 
attitude  control.  The  throttle  and  choke  controls  were  integrated  by  the  SCAS 
for  flight  path  command  and  stabilization. 

Although  very  good  results  have  been  obtained  with  the  flight  director,  it 
should  not  be  inferred  that  this  is  the  only  acceptable  means  of  improving  the 
pilot's  IFR  landing  guidance  information.  A veil -integrated  situation  display 
has  potential  for  producing  similar  results.  However,  display  system  limita- 
tions and  the  time  available  for  further  experiments  did  not  permit  these  con- 
cepts to  be  explored  in  flight. 

Moving  map  display  — A simulation  evaluation  of  the  coordinated  use  of  a 
moving  map  presentation  on  the  electronic  multifunction  display  (MFD)  in  con— 
jtmction  with  the  HSI  and  EADI  was  carried  out  to  define  the  best  use  of  the  MFD 
during  manual  approach  and  landing  operation  (ref.  5).  The  operation  included 
acquisition  of  reference  terminal  area  flight  paths  leading  to  the  final  landing 
approach,  the  approach  itself,  and  go-arounds  to  and  including  holding  patterns. 
These  operations  were  flown  on  raw  data  with  either  the  map  or  HSI  or  using  the 
flight  director  for  guidance  with  the  MFD  and  HSI  available  to  provide  status 
information.  An  indication  of  the  display  content  is  provided  in  figure  7. 

While  there  appeared  to  be  no  consistent  differences  in  tracking  errors  using 
the  map  or  HSI,  the  pilots  had  more  confidence  in  their  ability  to  maintain 
geographical  orientation  during  curved  path  tracking  and  establishing  holding 
patterns  when  using  the  map.  Course  predictor  and  history  dots  permitted  the 
pilots  to  better  anticipate  control  requirements  to  capture  the  reference  path, 
acquire  and  maintain  the  curved  track,  and  to  enter  a holding  pattern.  The  HSI 
provided  better  capability  for  localizer  tracking  during  the  final  approach 
segment.  Pilot  evaluations  of  task  controlabillty  and  precision,  utility  of 
status  information,  display  clutter,  and  attentional  workload  Indicated  a pret- 
erance  for  the  map  although  it  was  felt  that  Improvements  could  be  made  on  this 
display  as  well  as  on  the  HSI  cr  EADI  displays.  One  suggested  Improvement  was 
to  include  a heading  scale  on  the  EADI;  in  combination  with  the  MLS  deviation 
data  on  this  instrument  the  heading  scale  could  eliminate  the  need  to  refer  to 
the  HSI  during  the  final  approach. 
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Automatic  (U.ide'-Slopc  Tracking  Modus 

To  date,  approximately  105  automatic  approaclies  and  25  automatic  landings 
have  been  made  using  the  STOLAND  flight  control  system*  The  early  results  have 
been  characterized  by  glide-slope  deviations  of  ^8  m (-+25  ft)  accompanied  by 
significant  fluctuations  in  rate  of  climb  and  engine  cpm  with  resulting  incon- 
sistent flare  entries.  Steps  have  been  taken  to  Improve  the  glide-slope  track- 
ing performance  and  to  make  the  flare  entries  consistent*  The  results  to  be 
presented  demonstrate  some  of  the  problems  related  to  providing  good  glide-slope 
tracking  for  STOL  aircraft  and  one  solution  to  these  problems* 

In  normal  cruise  flight  the  STOLAND  automatic  control  system  uses  pitch 
attitude  to  maintain  path  tracking  and  the  throttlc.s  to  control  airspeed*  When 
the  aircraft  is  in  the  STOL  approach  mode  the  control  functions  are  reversed 
such  that  throttles  are  used  for  vertical  path  tracking  and  pitch  attitude  is 
used  to  maintain  airspeed. 

Figure  8 indicates  that  with  the  original  automatic  system  design,  the  air- 
craft oscillates  about  the  nominal  -7.5°  glide  slope  with  a 10-  to  12-sec  period 
and  engine  rpm  varies  from  92  to  98  percent.  Gain  optimization  studies  carried 
out  in  flight  and  on  the  simulator  showed  that  little  improvement  could  be 
achieved  using  the  existing  autothrottle  system*  Due  to  hysteresis  in  the 
throttle-fuel  control,  the  automatic  system  apparently  has  inadequate  bandwidth 
for  good  glide-slope  tracking*  Consequently,  the  augmentor  chokes  were  intro- 
duced to  quicken  and  improve  the  precision  of  path  control*  Figure  8 shows  the 
significant  improvement  in  the  glide-slope  tracking  resulting  from  the  use  of 
direct  lift  control  through  chokes*  The  glide-slope  error  has  been  reduced  to 
less  than  ±3  m (±10  ft),  path  excursions  are  less  tlian  1°  and  overall  rpm  varia- 
tions reduced  to  3 percent.  On  other  STOL  airplanes  the  thrust  control  may  pro- 
vide the  required  bandwidth  for  good  tracking  but  if  it  does  not,  direct  lift 
control  devices  are  likely  to  be  required* 

The  poor  path  tracking  evident  In  figure  8 did  not  greatly  concern  the 
pilots  monitoring  the  approach.  They  were  much  more  aware  of  the  elevator 
activity,  pitch  oscillations,  and  normal  acceleration  levels.  The  source  of  the 
elevator  activity  was  a noisy  airspeed  signal  that  substantially  reduced  the 
elevator  activity  when  smoothed* 

Two  solutions  to  the  pitch  activity  problem  were  evaluated*  First,  the 
velocity  control  gains  were  reduced;  this  proved  unsatisfactory  because  velocity 
transients  that  occurred  during  glide-slope  capture  persisted  for  an  objection- 
able duration*  Second,  the  cutoff  frequency  on  the  airspeed  component  in  the 
complementary  filter  was  lowered;  this  reduced  pitch  activitv  without  compromis- 
ing velocity  tracking  performance.  Th('  reduced  omtrol  column  and  normal 
acceleration  activity  did  not  greatly  affect  the  path  tracking  hut  did  make  the 
system  more  acceptable  to  the  pilots* 
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CONCLUSIONS 


A flight  research  program  was  conducted  to  assess  the  improvements,  in 
longitudinal  path  control  during  a STOL  approach  and  landing,  that  can  be 
achieved  with  manual  and  automatic  control  system  concepts  and  with  cockpit 
displays  with  various  degrees  of  complexity. 

Substantial  improvements  in  manually  flown  IPR  approaches  can  be  obtained 
with  stabilization  and  command  augmentation  systems  ranging  in  complexity  from 
simple  thrust-thrust  deflection  interconnects  to  sophisticated  path-speed  sta- 
bilization and  command  configurations.  With  the  augmented  aircraft  given  pilot 
ratings  in  the  5-6  range  for  raw  data  IPR  approaches  to  a 60  m (200  ft)  decision 
height,  ultimate  improvement  to  the  2-1/2  to  A range  can  be  achieved  with  the 
most  complex  SCAS.  The  addition  of  a flight  director  to  overcome  deficiencies 
of  the  raw  data  instrument  scan  permit  the  rating  to  be  improved  to  the  1-1/2 
to  2-1/2  category  for  operation  to  a 30  m (100  ft)  decision  height.  Thus  it  is 
apparent  that  fully  satisfactory  capability  to  manually  perform  IPR  approaches 
to  current  instrument  flight  mlnlmums  can  be  obtained  for  an  aircraft  of  this 
class.  The  ability  to  accomplish  a gentle  flare  maneuver  to  a low  touchdown 
sink  rate  can  also  be  achieved  with  systems  which  augment  the  basic  aircraft’s 
heave  response.  Improvements  in  pilot  ratings  for  the  flare  from  the  4-5  to 
the  2-3  category  can  be  obtained. 

Plight  research  is  in  progress  to  demonstrate  fully  automatic  approach  and 
landing  operation  to  Category  Ilia  minimum  conditions,  A substantial  number  of 
fully  automatic  approaches  and  landings  have  been  performed  and  recent  improve- 
ments in  the  glide-slope  tracking  logic  have  produced  a satisfactory  system  con- 
cept. Pully  automatic  flares  to  touchdown  have  been  performed  and  refinement 
of  the  automatic  flare  coi.trol  is  in  progress.  Once  acceptable  automatic  glide 
slope  and  flare  controls  f e established,  operational  evaluations  will  be  con- 
ducted to  explore  operational  procedures  and  approach  path  geometry. 
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Figure  1.-  The  Augmentor  Wing  Research  Aircraft. 
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Figure  2.-  Performance  characteristics:  approach  conf i^'iration 
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Figure  3.-  Dynamic  response  characteristics; 
approach  configuration. 


Figure  A.-  Throttle-nozzle  interconnect. 
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Figure  5,~  Speed  stabilization  and  flight  path-airspeed  SCAS: 

glide-slope  tracking. 


7vlc  ► rOliCHDOWN 


. VFHTirAl 
1C‘^  VUOCMTV 


I I 1 

H IGriT  PATH  SPEED  SCAS 


.X 


BAt,lt.  AIHCHAFT 


AlHSPtUJ 


W 

INCfU  MINIM 
PITCH  AIT  ITU' >i 

iliij  S 


(■  '■  U' 

t JMI  (• 


Figure  6.-  Might  path-airspeed  SCAS:  flare  control. 
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Figure  ?•-  Avionics  system  displays 


l.lUUSLOf'f  i/Ui 

I MMUti  U <Ui 

m iM'  /6  i 2!) 


IMilM  Hf'M 


U«) 


MC 


CAimMATH> 

AIMSPtUJ  f*J 

li  SO 


01  u:h  Annum 

10 

II  *«M  HU.  0 SO  1U0 

n%M  M*. 

nmi,l\Al  S>SMM  iMOHOVt  hS>STlM 

• AiTM  uu; 

• (MOM,  1 VI  l>  SOI  \ l» 

I !(  U US 


Figure  S*-  Automatic  g.iiile~sJ  opt?  tracking 
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Flight  simulator  studies  were  conducted  to  o.auiJuc-  thu  pi.luting  problems 
resulting  from  encounters  with  unusual  af  moaplift  r Ic  . lot  ud:..tri(  co  late  In  landing 
approach.  Simulated  encounters  with  disturbances,  int  i ud  inj:;  cnamplef;  derived 
from  accident  data,  provided  the  opportunitj'  to  sti.u  y airoaft  and  pilot 
performance.  It  was  observed  that  substantial  delays  in  pilot  response  to 
shear- induced  departures  from  glide  slope  often  scrJcuely  amplified  the 
consequences  of  the  encounter.  In  preliminary  assensmontr , an  Integrated 
flight  instrument  display  featuring  flight  path  as  the  primary  controlled 
element  appeared  to  provide  the  means  to  minimize  such  delays. 


INTRODUCTION 


This  paper  reports  findings  from  piloted  simuiatot  lusts  conducted  to 
obtain  a better  understanding  of  the  piloting  problcans  iialviccd  by  encounters, 
landing  approach,  with  localized  atmospheric  disturbances  such  as  wind  shears 
or  downdrafts.  This  work  was  motivated  by  the  increased  concern  that  followed 
recent  major  accidents  in  which  such  disturbane.ee  cere  convincingly  identified 
as  the  cause.  The  formulation  and  conduct  of  these  lests  wcie  influenced  by 
the  background  gained  during  NASA  consultation  vith  the  National  Transportation 
Safety  Board  (NTSB)  during  their  investigations  of  these  accidents. 


To  Illustrate  the  real  hazards  of  wind  shear,  tul::.  paper  begins  with  a 
review  of  two  accidents  from  which  descriptions  oi  the  atmospheric  disturbances 
were  derived.  The  simulator  tests,  which  Include  eucouuters  with  similar  wind 
environments,  are  described.  Data  and  obaervaticins  tiom  these  tests  are 
discussed.  A flight  instrument  displaj’  principU  tliai  ;.'pj>uars  to  have  potential 
for  improving  tolerance  to  disturbances  in  J.anding  ai'proach  Is  then  described. 


Examples  of  Wind-Shear  Accidents 


In  December  1973,  a DC-10  descended  belo\.'  jyl  h cm  an  approach  to 

Logan  Airport  (Boston),  striking  the  approach  Light  stau.iirds  short  of  the 
runway.  The  aircraft  was  destroyed,  btit  lortunaLe  1 • theic'  wci  e no  fatalities. 
The  aircraft  had  performed  a normal  coupled  11.S  appinmli.  v/ith  autothrottle, 
to  an  altitude  of  60  m.  At  this  point,  v^hile  the  pilot  was  completing  his 
transfer  from  instrument  to  visual  reference,  In  ilisengagcd  the  autopilot,  but 
left  the  autothrottle  engaged.  Data  from  the  f light  lecordcr  Indicate  a 


subsequent  10-knot  loss  in  airspeed,  accowpanied  by  an  Increasing  sink  rate. 
Corrective  action  was  first  too  little,  then  too  late.  This  aircraft  was 
equipped  with  a very  comprehensive  digital  flight  data  recorder  (DFDR)  that 
provided  the  data  defining  the  winds  shown  in  figure  1.  The  shear  from  a 
strong  tailwind  component  at  150— m altitude  to  a light  headwind  at  50  ro  caused 
the  aircraft  to  overshoot  the  desired  approach  speed,  even  though  the  auto- 
throttle had  reduced  thrust  to  near  flight  idle.  When  the  shear  terminated, 
the  aircraft  decelerated  toward  its  target  speed,  and  an  undetected  sink  rate 
developed.  This  wind- shear-induced  accident  is  notable  for  its  unusual 
circumstances,  not  for  the  severity  of  the  disturbance.  At  no  time  was  the 
performance  capability  of  the  airplane  challenged  -*  in  fact,  it  struck  the 
obstructions  at  a speed  slightly  above  its  reference  approach  speed. 

In  June  1975,  at  John  F.  Kennedy  Airport  (New  York),  during  local  thunder- 
storm activity,  several  aircraft  encountered  severe  shears  late  on  final 
approach.  The  last  of  these,  a 727,  hit  approach  light  standards  well  short  of 
the  runway,  with  catastrophic  results.  This  aircraft  was  equipped  with  the 
more  common  four-parameter  foil  recorder,  providing  insufficient  data  to  define 
winds  with  confidence.  Six  minutes  before  the  accident,  an  L-1011  aircraft, 
encountering  a severe  disturbance,  had  successfully  executed  a go-around.  This 
aircraft  was  equipped  with  a DFDR.  The  maneuvers  of  these  two  aircraft  are 
described  in  figure  2.  Examining  the  flight  paths  and  speed  variations,  the 
observer  is  led  to  conclude  that  the  disturbances  experienced  by  the  two 
aircraft  must  have  been  very  similar.  Flight-path  departure  rates  and  speed 
losses  are  nearly  identical 5 however,  the  L— 1011  had  the  good  fortune  to  suffer 
its  encounter  at  a higher  altitude  than  did  the  727.  Note  that,  in  each  case, 
downward  departure  from  the  ILS  path  preceded  the  sharp  speed  decay  by  about 
6 sec.  The  pitch  and  thrust  data,  as  well  as  angle-of-attack  data,  from  the 
L-1011  enabled  the  derivation  of  the  winds  that  aircraft  encountered  (fig.  3). 
These  data  are  plotted  to  the  same  time  reference  as  the  previous  figure.  The 
initial  disturbance,  a substantial  downdraft  of  nearly  10  knots  (1000  ft/min), 
was  followed  by  a 30-knot  change  in  the  along-track  wind  component.  This 
disturbance  has  been  hypothesized  to  result  from  a localized  cold  air  downflow 
from  a thunderstorm  cell  which,  impinging  on  the  surface,  produced  a high- 
velocity  horizontal  flow  radially  outward.  The  meteorological  situation  at 
New  York  at  the  time  of  the  accident  is  analyzed  in  detail  in  reference  1. 

The  wind  profile  (fig.  3)  played  a prominent  role  in  the  simulator  program 
discussed  here. 

Atmospheric  disturbances  of  the  type  documented  at  New  York  have  since  been 
identified  in  accidents  at  Denv<?r  (727  take-off)  and  Philadelphia  (DC-9  go- 
around).  Unfortunately,  these  airplanes  were  not  DFDR  equipped,  and  thus  winds 
cannot  be  determined  with  certainty.  Further  details  of  the  Boaton,  New  York, 
and  Denver  accidents  can  be  found  in  references  2 through  4. 
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SIMULATOR  TESTS 


Objectives 


The  examples  of  shear  encounters  just  discussed  contrast  the  case  of 
subtly  induced  sinking  in  the  Boston  accident  with  the  awesome  disturbances 
experienced  by  the  airplanes  at  New  York.  Fortunately,  the  severe  cases  are 
rare,  and  warning  is  offered  by  the  thunderstorms  that  breed  them.  It  appears 
that  many  other  approach  accidents  and  "near  misses"  have  been  induced  by  the 
more  modest  type  of  disturbance.  Thus  it  was  intended  that  the  simulator  tests 
explore  encounters  with  a wide  variety  of  shears.  Answers  to  the  following 
questions  were  sought: 

1.  In  the  present  operational  environment,  what  type  and  magnitude  of 
disturbance  represent  an  obvious  hazard  in  landing  approach? 

2.  What  are  the  pilot  factors  that  might  escalate  the  effects  of  a modest 
disturbance  to  produce  an  accident? 

3.  What  "onboard"  means  or  techniques  to  reduce  shear  hazards  appear 
worthy  of  development? 


Simulation 


Facility  — The  tests  were  conducted  in  the  Ames  Flight  Simulator  for 
Advanced  Aircraft  (fxg.  4).  This  facility  includes  a transport-aircraft- type 
cockpit,  large-amplitude  cockpit  motion,  and  a Redifon  TV-model  board  visual 
simulation  system.  During  these  tests,  the  pilot  station  incorporated  a 
pneumatic  "G-seat,"  on  loan  from  the  Air  Force,  which  was  intended  to  produce 
the  cues  of  sustained  or  lower  frequency  vertical  accelerations. 

Simulated  aivovaft  — Airplane  characteristics  used  in  the  simulator  tests 
were  typical  of  a shorv.-range,  twin-jet  transport  of  the  737,  DC-9  category. 

The  engines  were  assumed  to  be  aft-fuselage-mounted,  with  thrust  contributing 
essentially  no  pitching  monent  to  the  aircraft.  A landing  weight  of  43,100  kg 
(95,000  lb)  was  used  for  all  tests.  Take-off  static  thrust  per  engine  was 
62,274  N (14,000  lb)  with  10-percent  overboost  available.  The  approach 
reference  speed,  "bug"  speed,  was  established  as  125  knots,  approxi- 

mately 1.25  times  the  speed  for  maximum  lift  in  1-g  flight. 

Cockpit  controls  and  displays  were  conventional  for  transport  category 
aircraft.  The  attitude  indicator/horizontal  situation  display  (ADl-HSI) 
were  of  the  Sperry  HZ-6  configuration.  The  ADI  included  an  "expanded"  pitch 
scale,  a "fast-slow"  indicator  needle  that  was  activated  only  for  special 
tests,  and  a glide-slope  deviation  treedle.  The  flight  director  needles  were 
driven  by  signals  computed  In  the  basic  simulation  computer.  The  pitch  command 
signal  did  not  employ  the  HZ-6  system  logic;  it  was  computed  using  the  logic  of 
another  commonly  used  flight  director  system.  Pitch  attitude  commamis 
were  derived  from  c summation  of  pitch  attitude  and  beam  error.  This  system 


incorporated  n <<1  i.hc  i ur  input  ,it  inid<ilc“-tuark<.'r 

passage. 

An  ILS--cotjplri»j  autopilot  hiotlc  v;aH  avatlaMe  In  the  hjimu]  a l lun  ♦ hlide- 
slope  guidance  conjput  at  oui  to»  the  aulrjpJ  J oL  iiu  Inch'd  beam-er rot  r;itcH  derived 
froip  vertical  rjc-o^lerat  inn  ami  v;ap  f opr esent at  f v e in  its  capabilities  of  the 
newer  ”autoland*‘  autopllin.  ..vsiens* 

A ^*head~up**  dia-p.lay  aval  » lii  \v;n;  used  iatc-  in  the  tests  to  evaluate  modified 
flight  data  display  conco|:t  s.  The*  fiyinbolopy  (discussed  later)  was  optically 
combined  (with  a r'iiror  boain'- u 1 1 1 1 cr  ) with  the  scene  presented  by  the  Redlfon 
visual  simulation  ‘■o.Uij;,.  ’!}(..  rombined  inuiges  were  viewed  through  collimating 

lenses. 

VisihiL uLij  S'e? ..t ^ ^ Reuiiced  visibility  due  to  cloud  or  fog  v;as 
simulated  electronically*  Visibility  conditions  as  low  as  30-m  celling  and 
300~m  visual  r«*mge  fP.VVl  : <.*rc  y ln:ti Li t ed  Lu  the  satisfaction  of  the  pilots  who 
participated  in  the  ten- . In  this  piogram,  no  cases  of  interrupted  visibility 
were  simulated;  tlu-  KV  -’  nn-.  n)  dr  .roasted  ns  altitude  decreased. 

Wind  and  UudKilLKc^'  : - A large  number  of  wind  profiles  (velocity 

varying  with  altitude  h.  fsaa  2'yj  ri.)  established  for  the  program*  Three 

’^logarithmic**  profilo-  it--  iciiy^rlc  ot  v;idely  di‘^parate  atmosphetic  lapse 
rateS)  constituted  th<*  bar*  >>.  -ir-.  On  th£*se  shear  profiles  were  superimposed 

perturbations  that  d-.iiTn-a  . : ''  .‘c  ^licar'.  varying  in  .iltitude  of  initiation, 

total  amplitude,  atuJ  g/adJ*.  nl  ^ pta  unit  altitude).  Examples  ot  the  along— 

track  shear  profiler,  used  .n.  t ba  t.erte  are  *fhow’n  in  figure  5.  Crosstrack  W’ind 
profilcis  were  defiiM*cl  .'*r  r t (.  i> r t j ,i  ...-f  tlie  along^track  atiplitudes.  A 
**AO-percc?nt**  ctosrwin-'^  on.  rw  ( i cm  either  the  left  or  right  was  commonly 

usei.  In  addition  t'  rc  I i red  alt  itude- dependent  W’ind  profiles,  a 

facsimile  of  the  atnrn-hc  .h  ntiations  recorded  in  the  L-lUll  (discussed 
earlier)  was  progrntu-K'd  .•?;  i iUiiLtion  ..i  cHsLatice  along  tlie  approach  path, 
initiating  at  a pui.ni  rci  rv-.tni  tag  f.o  that  oi.  the  727  encounter.  Discrete 
geographically  defined  xcnjoai  drn.Jtr;  v.H:ro  also  programmed.  Simulated  random 
turbulence,  appropriate  '«  (j^,-  w-ijui  tcr.ditions,  was  superimposed  on  the  shear 

profiles. 


TESTS 


Six  pilots  who  1 fly  t’  uispoit  category  aircraft  participated  in 

the  tests.  After  appicprf.a*  l a. ni  I Jar  f ,:ai  mu  with  the  simulated  aircraft,  they 
each  flew  appioacln.s  mi  .'{j  to  ju  dilfeient  combina  t ions  ol  atmospheric  dis- 
turbance and  visib'flit,.  \J!  t-ct  a t ov*  ;-ppr  (r.u.  hes  wt*ro  manually  controlled, 
with  flight  directer  gu  id  im*e  avrilablo.  Exposure  to  the  Ke\;  York  tlumderstorm 
profile  was  lnclud<'d  v;e!l  ali-np  in  (.'.icii  j'llotr-'!  experience  in  the  sirr.'al  «it  i on 
while  he  was  t va  1 u f fty,  ::  c*  Icsi.cr  magnitude.  A strong  efftut  v;ar, 

made  to  create  th<  U ti"-  o'  road.  it!C::s , and  yurpiisi  that  <.d;ai  t or  i cod 

the  real  enentnd  . 
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All  approaches  were  initiated  at  an  altitude  of  about  300  m.  Normai 
control  tower  information  regarding  winds  and  visibility  were  transmitted  to 
the  pilot.  In  most  cases  of  large  disturbance,  tower  reports  of  previous 
encounters  were  included.  Use  of  conventional  cockpit  procedures.  Including 
standard  call  outs,  was  encouraged.  All  pertinent  pilot  Inputs  and  aircraft 
responses  were  reccrded,  and  the  pilots'  observations  were  recorded  on  voice 
tape  after  each  approach.  At  the  end  of  the  simulator  exercise,  and  during  a 
brief  opportunity  neveral  months  later,  panel  display  modifications  and  several 
electronic  head-up  display  formats  were  evaluated  subjectively  in  the  presence 
of  disturbances. 


RESULTS  AND  DISCUSSION 


Aircraft  Performance  Potential 


Since  the  response  to  a shear  encounter  involves  both  pilot  and  aircraft 
performance,  it  is  appropriate  to  preface  a discussion  of  the  results  with  a 
review  of  aircraft  performance  capabilities  assumed  in  these  tests. 


Figure  6 represents  an  attempt  to  put  in  perspective  the  level  of 
disturbances  experienced  in  the  simulator  relative  to  airplane  performance 
capabilities  for  both  the  generalized  shear  cases  and  for  the  New  York  profile. 
Any  point  on  this  graph  represents  the  duration  of  a "head-wind  to  tail-wind 
or  "negative"  shear  of  given  rate  of  change  (in  knots/sec).  A useful  approxi- 
mation is  the  equivalence,  in  terms  of  energy  loss,  of  a 6-knot  downdraft  to 
1-knot/sec  shear.  The  top  line  defines  the  theoretical  shear  (or  equivalent 
combination  of  shear  and  downdraft)  that  can  be  tolerated  without  leaving  the 
glidepath  or  falling  below  stall-warning  speed  - if  take-off  thrust  is  instan- 
taneously available  at  the  onset  of  the  disturbance  and  appropriate  pitch 
corrections  are  made.  The  lower  curve  represents  the  case  of  continued 
approach  thrust.  The  crosshatched  area  is  an  envelope  of  all  the  generalized 
disturbances  experienced  in  the  simulator  tests.  Also  indicated  is  the  distur- 
bance level  of  the  New  York  profile.  It  can  be  seen  that  the  generalized  shear 
cases  do  not  challenge  the  aircraft's  performance  potential.  On  the  other  hand, 
the  New  York  profile  leaves  a comparatively  small  margin  of  performance. 


Observations  from  Simulated  Encounters 

The  simulator  exercises  provided  a wealth  of  observations  and  generated 
some  new  questions  - regarding  the  significance  in  shear  encounter  of  factors 
such  as  training,  individual  piloting  techniques,  flight  director  logic,  and 
concurrent  transfer  from  Instrument  to  visual  references.  However,  most  of 
these  points  deserve  more  analysis  and  perhaps  more  experimentation  before  they 
are  reported.  This  paper  is  limited  to  a discussion  of  pilot  response  delays 
in  wind-shear  encounters  and  means  to  reduce  those  delays. 

New  York  shear  profile  — As  Indicated  earlier,  each  of  the  six  pilots  In 
the  simulator  program  suffered  one  well-conditioned  encou.itcr  w’lth  a model  o 
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the  New  York  downdraft-wind-shnar  phenomenon.  In  two  of  the  six  simulated 
encounters,  the  aircraft  descended  to  altitudes  where  they  would  have 
encountered  obstructions,  In  almost  exact  duplication  of  the  727  accident.  A 
third  resulted  in  a near  miss,  and  the  remaining  three  recovered  with  sizeable 
terrain  clearance.  Figure  7 comparen  the  smallest  and  the  largest  altitude 
divergences  seen  in  these  encounters.  While  one  of  the  simulated  aircraft 
in  effect  ’’crashes,"  the  other  executes  a successful  go-around  with  a minimum 
altitude  of  40  m,  only  20  m below  ILS  glide-slope  altitude.  The  single  most 
important  difference  in  pilot  response  is  seen  in  the  record  of  thrust.  The 
successful  pilot  perceived  the  sink  rate  induced  by  the  downdraft  and  had  added 
substantial  thrust  by  the  time  the  shear  was  encountered.  The  pilot  also 
pitched  the  aircraft  to  regain  near  normal  sink  rate.  When  the  speed  was  seen 
to  decay  even  farther,  even  with  the  initial  addition  of  power,  take-off  thrust 
was  immediately  applied.  Speed  did  not  fall  below  124  knots.  The  other  pilot 
made  no  significant  response  to  the  downdraft.  In  response  to  the  rapid 
decrease  in  airspeed  due  to  the  shear,  power  was  tentatively  added.  By  the 
time  this  response  was  recognized  as  inadequate,  the  aircraft  was  below  30  m, 
in  a high  sink-rate  condition,  and  JO  knots  below  approach  reference  speed  — 
recovery  was  highly  improbable. 

Further  evidence  of  the  value  of  quick  response  is  seen  in  figure  8,  which 
Illustrates  the  performance  of  an  autopilot-autothrottle  system  in  an  encounter 
with  the  same  profile.  Flight  path  was  held  tightly,  but  with  significant 
speed  loss.  The  automatic  systems  perceived  and  acted  with  a very  modest  delay. 
As  indicated  in  figure  7,  the  pilot  cannot  be  counted  on  to  act  as  effectively. 

Generalized  shear  px^ograrr,  — The  performances  recorded  in  the  other  distur- 
bances can  be  reviewed  for  further  evidence  of  the  perception  problem.  As 
might  be  expected,  since  these  dlst-urbances  did  not  seriously  challenge  airplane 
performance  and  the  pilots  were  considered  well  warned,  no  simulated  accident.) 
occurred.  There  was  a small  number  of  aborted  approaches  and  several  hard 
landings.  Subjective  observations  by  the  pilots  were  highly  variable  for  the 
lesser  disturbances  — sometimes  the  disturbance  was  hardly  noticed;  at  other 
times,  the  same  disturbance  caused  a very  significant  workload.  The  shea.'s 
that  the  pilots  considered  hazardous  were  of  the  highest  amplitudes  and 
gradients,  for  example,  15-20  knots  in  30  m of  altitude,  and  initiating  below 
100-m  altitude.  Figure  9 shows  characteristic  values  of  speed  and  altitude 
losses  for  several  levels  of  shear  intensity.  The  shaded  points  represent  the 
larger  disturbances.  Generally,  these  levels  of  speed  and  flight-path 
deviation  do  not  seem  large  or  dangerous;  however,  if  they  are  considered  to 
occur  very  low  in  the  approach,  at  times  in  low  visibility,  the  hazard  is  more 
apparent.  The  observation  can  be  mode  that  the  energy  losses  represented  in 
these  excursions  represent  roughly  75  percent  of  the  energy  loss  in  the  distur- 
bance input.  This  would  indicate  delay  ii.  cfrective  countering  of  this  loss 
by  the  pilot. 

Figure  10  illustrates  example  response  times  tor  thrust  and  pitch  inputs. 
From  the  data  represented  by  tlic  circled  points,  a wide  variation  of  responses 
is  seen.  This  might  be  expected  due  to  di I i erenc es  in  rates  of  onset  of  the 
disturbance,  as  well  as  variations  in  J 1 ipt’.t  condition  at  the  point  of  onset. 
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Initial  thrust  iesponses  arc  seen  within  3 to  4 sec,  indicating  tight  monitor- 
ing of  airspeed.  However,  pitch  attitude  Increases  required  to  arrest  the 
Increased  sink  rate  occur  6 to  10  sec  after  shear  initiation,  Indicating  that 
flight-path  angle  or  rate-of-descent  divergences  are  slow  to  be  recognized. 

■^e  response  lags  shown  for  the  simulated  New  York  shear  encounters  are 
ev  re  pronounced.  The  quickest  responses  were  exhibited  by  the  pilot  that 
8 .aneously  added  thrust  and  pitched  up  within  5 sec  of  the  disturbance 
oUi>et.  The  delays  in  thrust  addition  are  presumed  due  to  the  fact  that  the 
initial  disturbance  was  a downdraft  that  did  not  create  an  immediate  speed 
decay.  The  delays  in  pitch  response  are  more  surprising  in  view  of  the  immedi- 
ate Increase  in  sink  rate  induced  by  the  downdraft. 


Means  for  Improving  Flight-Path  Control 

These  observations  of  performance  in  shears  led  to  the  conclusion  that 
conventional  displays  do  not  provide  the  pilot  with  the  means  for  uninterrupted 
awareness  of  his  flight  path,  and  that  visual  cues  outside  the  aircraft 
can  also  be  tenuous.  As  indicated  earlier,  the  tests  were  conduced  with 
evaluations  of  display  concepts  aimed  at  improving  the  pilot  s capability  to 
control  speed  and  flight  path  in  strong  disturbances.  By  far  the  most  encour- 
aging results  were  obtained  using  the  electronic  head-up  display  equipment 
available  to  the  simulator  to  create  integrated  displays  of  various  configura- 
tions. The  format  described  in  figure  11,  which  has  been  the  subject  of  very 
brief  experience  in  the  simulator,  appears  to  essentially  eliminate  the  path 
and  speed  perception  delays  demonstrated  with  conventional  displays.  In 
addition  to  the  fixed  airplane  symbol  and  moving  horizon,  the  display  includes 
the  following  elements:  a runway  symbol,  in  approximate  perspective,  with  a 

touchdown  reference  point;  a glide  slope  angular  error  indication,  reference 
to  a negative  three-degree  pitch  scale  index;  a flight-path  symbol,  referenced 
to  the  horizon;  and  a speed  error  indication  referenced  to  the  airplane  symbol. 

The  effectiveness  of  the  display  in  reducing  time  delays  in  the  perception 
of  flight-path  changes  results  from  the  fact  that  the  flight-path  indicator 
can  be  substituted  for  the  airplane  symbol  as  the  primary  controlled  element. 

To  correct  the  flight  situation  illustrated,  the  glide-slope  line  is  amply 
tracked  with  the  flight-path  symbol,  resulting  in  a convergence  as  Indicated 
in  figure  12.  In  the  experiments,  the  flight-path  information  was  assumed  to 
be  inertially  derived,  and  a small  component  of  lagged  pitch  rate  was  added  to 
compensate  for  the  normal  time  lag  between  attitude  and  flight-path  response. 
The  speed  error  symbology  was  well  received  and  could  usually  be  sensed  In 
peripheral  vision  while  concentrating  on  the  flight-path  symbol. 

Several  i-oints  regarding  this  display  concept  must  be  discussed.  The 
concept  of  flight  path  as  the  primary  element  is  not  original  here;  it  is 
utilized  in  a well  publicized  commercial  HUD  system.  The  format  shown  is  not 
a developed  display,  klille  it  demonstrates  effectiveness  in  tracking  the  glide 
slope,  it  is  inadequate  for  latex  al  guidance  without  additional  inf  oration. 
There  is  no  reason  that  the  concept  cannot  be  used  in  a panel-mounted  display. 
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CONCLUSIONS 


Analysis  of  simulator  data  and  accidunt  records  indicates  that  the 
consequences  of  wind-shear  encounters  are  seriously  aggravated  by  delays  in 
perception  of  speed  and  flight-path  divergences  when  conventional  cockpit 
displays  or  visual  references  are  used.  The  significance  of  these  delays  is 
apparent  when  piloted  performance  is  compared  with  the  performance  of  a modern 
autothrottle  system  in  the  same  disturbance.  Cockpit  display  concepts, 
integrating  flight-path  and  speed  information,  hold  promise  of  eliminating  delays 
in  pilot  perception  and  are  vjorthy  of  concerted  development  efforts. 
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Figure  1»*>  Winds  derived  from  digital  flight  data 
recorder,  DC- 10,  Boston. 
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Figure  2.-  Encounters  with  thunderstorm-related 
wind  shears.  New  York. 
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Figure  Dov/ndrait:  ami  u’lud  shear  encountered 
by  L^lOli  aircraTt>  New  York* 


Figure  4.-  Klig’h!.  sininl  it. 
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Figure  5.-  Examples  of  simulated  shears. 
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Figure  6*‘-  Performance  available  to  counter  wind 
shear  on  approach* 
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Figure  7.~  Effects  of  response  delays, 
New  York  profile* 
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Figure  8.-  Automatic  systems  performance 
in  New  York  profile* 
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Figure  9.-  Altitude  and  speed  perturbations  in 
simulated  shear  encounters. 
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Figure  10*-  Reaction  times  in  shear  encounters* 
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FLIGHT  CONDITIONS: 


• FLIGHT  PATH, -4.2  dag 

• "ONE  DOT"  BELOW  GLIDE  PATH 

• BknotiSLOW 


SPEEt>€RROR  AIRCRAFT  SYMBOL 

INDICATOR  \ / 


GLIOE-SLOPE 
INDICATOR  ' 
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FOR  GLIOE'SLOPE 
INDICATOR 
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ILS  RUNWAY 
INTERCEPT 


FLIGHT'PATH  INDICATOR 


Figure  11.-  Integrated  flight-path  display 
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DE'-AYED  FLAP  APPROACH  PROCEDURES  FOR  NOISE  ABATEMENT 


AND  FUEL  CONSERVATION 

Fred  G.  Edwards,  John  S,  Bull,  John  D,  Foster, 
Daniel  M.  Hegarty,  and  Fred  J.  Drinkwater,  III 
NASA  Ames  Research  Center 


SUMMARY 
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The  objective  of  this  program  is  to  investigate  the  Delayed  Flap  Approach, 
which  is  an  operations?,  procedure  designed  to  reduce  fuel  and  noise  in  the 
landing  approach  of  a jet  transport.  This  report  will  describe  the  delayed  flap 
operational  procedures,  discuss  pilot  acceptability  of  those  procedures  and  dis** 
plays,  and  show  fuel/noise  benefits  resulting  from  flight  tests  and  simulation. 


INTRODUCTION 


The  conventional  jet  transport  stabilized  landing  approach  procedure 
requires  moderately  high  thrust  settings  for  an  extended  time,  with  the 
accompanying  community  noise  impact  and  relatively  high  fuel  consumption. 
Significant  reductions  in  both  noise  generation  and  fuel  consumption  can  be 
gained  through  careful  tailoring  of  the  approach  flight  path,  the  operational 
procedures,  and  the  airspeed  profile,  example,  the  noise  problem  has 

been  attacked  in  recent  years  with  development  of  the  two-segment  approach, 
which  brings  the  aircraft  in  at  a steeper  angle  initially  and  achieves  noise 
reduction  through  lower  thrust  settings  and  high  altitudes  during  most  of 
the  approach  (refs.  1,  2). 

Also,  the  Air  Transport  Association  (ATA)  member  airlines  have  developed 
and  Instituted  the  "reduced  flap"  noise  abatement  landing  procedures  through- 
out most  of  the  domestic  airline  systems  (ref.  3).  For  this  approach,  the 
aircraft  flies  the  standard  straight-in  path,  but  maintains  a flap  setting 
"one  notch  less"  than  minimum  landing  flap  setting  until  final  landing  flap 
deployment  at  about  303  m (1000  ft)  altitude.  The  t inul  landing  flap  selected 
would  be  the  minimum  certified  landing  flap  setting  which  is  permissible  for  the 
particular  landing.  The  intent  is  to  assure  that  final  approach  stabilization 
is  achieved  at  not  less  than  152  m (500  ft)  above  field  elevation. 

More  recently,  Lufthansa  German  airlines  pioneered  a low-drag/lrv-p('wer 
approach  technique  (known  as  the  TIPTOE  approach)  and  has  made  it  their  stan- 
dard ILS  approach  procedure  (ref.  4).  This  technique  is  being  considered  for 
adoption  by  the  International  Air  Transport  Association  (lATA)  for  use  by  all 
member  airlines  at  landing  fields  where  ground  facilities  permit.  The  target 
stabilization  altitude  for  the  lATA  approach  is  305  m (1000  ft)  above  field 
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.^l£.vation  Both  the  ATA  and  lATA  techniques  comprise  a decelerating  process, 
'^“ng'dalajs  and/or  reductions  In  t!-e  extension  of  the  lending  gear  and 
the  uerof  f lore,  with  a consequent  reduction  in  the  omount  o£  power  re.iulred 
to  conic t the  approach.  Both  are  '’thumb-rule"  techniques,  vhere  pi  ot  action 
is  keyed  on  aircraft  velocity  and  altitude  above  the  ground  and  DMt  informa 
tion  when  available. 

The  NASA//\mes  Research  Center  is  currently  investigating  the  so-called 
"delHved  flap"  appioach  (refs.  5-7)  where  pilot  actions  are  determined  and 
piesc^tbed  b5  an  onboard  digital  computer.  The  onboard  digital  computer 
Ltermines  the  proper  timing  for  the  deployment  of  the  landing  gear  and  flaps 
Sased  on  the  existing  winds  and  airplane  gross  weight. 

displayed  to  the  pilot.  The  approach  is  flown  along  the  conventional  ILS 
glide  Lope  but  is  initiated  at  a higher  airspeed  and  in  a clean  aircraft 
conLguraLon  that  allows  for  low  thrust  and  results  in  reduced  noise  and  fuel 

consumption* 

The  procedure  is  an  application  of  energy  management  concepts,  where  the 
proper  tiLng  of  the  deplosTnent  of  the  landing  gear  and  flaps  is  ^o 

disLpate  the  energy  In  a controlled  manner  while  the  engines  are  at  low 

throttle  setting. 

This  procedure  has  several  advantages  over  the  ATA  and  the  Lufthansa  types 
of  apprLches.  The  computation  capability  provides  for  consistency  of  opera- 
tionLand  allows  additional  noise  relief  and  fuel  savings.  The 
potential  for  increasing  operational  safety  by  lessening  pilot  workload  and 
SrLiding  an  energy  management  engine-out  landing  capability  and  a wind  shear 
deletion  and  warLng  function.  The  primary  disadvantage  is  of  course,  the 
reo.uirement  for  additional  avionics.  Definition  of  this  equipment  and 
associated  costs  are  the  subject  of  an  ongoing  study. 

,w  S 2,= 

to  other  aircraft. 

The  program  has  proceeded  through  an  analysis  and  a piloted  simulation 
phase  and  more  than  100  hr  of  flight  test  evaluation  onboard  the  C\  990. 

The  results  of  the  flight  test  evaluation  which  show 
benefits  wi"'!  be  presented  and  discussed.  Ihe  resu  ts  a in.  cc 

pilot  evaluation  of  the  proceduies  will  also  be  presenteu. 

arc  oomplote  and  will  be  presented* 
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OPERATIONAL  PROJEDURES  AND  DISPLAY  CONCEPT 


Figure  2 shows  a typical  delayed  flap  approach  for  the  CV-990.  In  con- 
trast to  a conventional  stabilized  approach,  which  is  flown  at  a constant  air- 
speed of  about  150  knots  and  moderately  high  thrust  settings  throughout  the 
approach,  the  delayed  flap  approach  begins  at  a higher  initial  airspeed, 

240  knots  and  decelerates  at  idle  thrust  through  most  of  the  approach.  The 
pilot  intercepts  the  ILS  glidepath  at  about  10  n.  ml.  from  touchdown  and  at 
approximately  900  m altitude.  He  then  retards  the  throttles  to  the  idle 
detent  and  begins  a slow  deceleration.  At  about  6 n.  mi.  and  230  knots, 
the  pilot  is  given  a command  from  the  digital  computer  to  lower  the  landing 
gear.  At  about  5 n,  mi.  and  220  knots  a conmiand  is  given  to  lower  approach 
flaps,  and  flaps  are  commanded  to  the  landing  position  at  about  4 n.  mi.  and 
200  knots.  The  aircraft  decelerates  to  final  approach  airspeed  at  about 
150  m altitude,  at  which  point  the  pilot  advances  the  throttles  to  approach 
power  and  the  last  portion  of  the  approach  is  flown  at  a stabilized  airspeed 
similar  to  a conventional  approach.  In  headwinds,  extension  of  landing  gear 
and  flaps  is  delayed  and  in  a tailwind  condition,  they  are  commanded  farther 
out  in  the  approach.  Thus,  regardless  of  wind  conditions,  the  aircraft  is 
always  stabilized  for  landing  at  150  m altitude,  which  is  consistent  with 
current  airline  procedures. 

Figure  3 shows  the  CV-990  cockpit  and  displays  that  the  pilot  uses  to 
perform  a delayed  flap  app.;oach.  In  addition  to  the  normal  Instruments  an 
a fast/slow  indicator  which  is  part  of  the  ADI,  an  alphanumeric  message  dis- 
play, and  a data  entry  keyboard. 

The  fast/slow  display,  which  Is  commonly  found  in  many  current  jet 
transports,  allows  the  pilot  to  monitor  the  energy  state  ot  the  aircrait. 

While  on  the  glide  path,  this  instrument  tells  the  pilot  liov.  the  a retail  is 
decelerating  relative  to  the  desired  airspeed  schedule.  This  is  similar'  to 
the  way  fast/slow  displays  are  normally  used,  except  that  the  usual  retcreiue 
airspeed  is  constant  and  not  changed  as  in  this  case  for  a delayed  flap 
approach. 

The  message  display  signals  the  pilot  whet  to  extend  landing,  gear, 
approach  and  landing  flaps,  and  when  to  apply  approach  power.  Ihi'  itoiei 
timing  of  signals  is  accomplished  by  a digital  computer  onboard  llu  iV-'-90 
aircraft.  In  essence,  the  computer  predicts  the  manner  in  vhicu  tin  a in  r..'t 
will  decelerate  during  the  .-’pproach  to  landing,  taking  into  account  the  wind 
and  changing  aircraft  weight.  Based  upon  this  computed  decel er.it  i-  n,  th«. 
computer  signals  the  pilot  when  the  flaps  or  gear  Is  to  be  lowered  by  fl.r  hi:., 
a command  on  the  message  display.  I'Jhen  the  pilot  ha.s  taken  the  re-pilred 
action,  the  display  goes  blank  again  until  the  next  event  is  to  o>.ur.  A1 i 
this  is  accomplished  so  that  the  aircraft  arrives  at  the  final  appri'.ieh 
airspeed  at  precisely  the  right  altitude  and  desired  distaiue  fro):  t,  ucbdi'\;ii . 

The  data  entry  keyboard  provides  a means  for  commun i cat in>  with  tli*’ 
digital  computer.  For  a delayed  flap  approach,  it  would  bo  used  t.>  iigut 
landing  site  data,  such  as  the  field  elevation  or  ILS  glide  sl.'|><  aiigli  . 


Thi*  t‘quipn.rnt  Blu>wn  Jn  lijau*.*  i i-.  in-f  v,»  ;m:‘  i<'  m i*i  .u, 

airline  Installat  loiu  'Jlw*  dtj^ii/il  . ni-.j.-n  <•  j .Ui-1  \\i<-  i;\-990  alr[^l.me 

were  used  in  this  )iro;;raiii  Lfiam-.i  .t  thr.i  •}  i 1 1 1 '•  .niH  tln.-ir  ability  t<» 

perfurm  the  required  tasks,  1h**  .ivlnnii*  iLti  < '><•  inet.ilhd  in  a cuti' 

veutiunal  Jet  traiusport  in  cjrdei  liav»-  n (n*ki/*<l  llap  ,ippina(li  repability 
would  be  tailurt.'d  to  nK*et  the  jnepi  i s i.i  j;,  aiHines. 

RHSULTh  hT'aJ  s;: 


OpuraLlnius 

No  i s e Mea  su  r eiae lU  I ' ,su  M.  .s 

A series  of  noise  measurements  was  made  durinp  t.lu*  flight  test  evaluation 
of  the  delayed  flap  approach  in  the  NASA  CV--990  air«  Talt  at  the  Edwards  Air 
Force  Base  (EAFB)  test  range.  The  purpose  was  to  r;easure  and  compare  the 
noise  level  on  the  ground  under  the  flight  path  v:hile  using  different  types 
of  operational  procedures  v;hJ.ch  included  the  (a.mv » i' r ’h -na ) , tlie  ATA  reduced 
flap  and  the  delayt»d  flap  approaches, 

A total  of  10  noise  measurement  sites  \ .'us  itili/ud.  Six  of  the  sites  were 
lo(*ated  on  the  extended  riimcay  centerline  iron  uiu  t.'  n n,  mi*  from  the  runway 
thresliold.  The  remaining  four  silos  \::r*  M/jtr.:  ni  various  sideline  distances 
along  the  test  range,  Tlu'St*  mtoisure-:  s .•n.-m,  . oh’  v,  itli  tlie  assistance  »..'i 

Dryden  Flight  R«*searr]i  Cer.tor  1 v . itt.-t  series  in 

September  19/5.  The  rud’U-  lecor-ii'ig  ai..  uud  radar  tracking 

data  were  time  correlated  to  t'-*  ; •'  ! *,  i ; ‘ .‘ini  ilt  relative  to 

the  sound  measurement  equip’ment  <hirin>  t h«  n . 

The  approaclies  were  conducted,  d'lriug  secer’]  oa>^•  ot  il^.ghl  testing 
under  conditi;.ms  wlierc  the  1 1 i < t i^»'d  u.c.o  \\-i  ; Mari  1 \k  1 i-nots 
and  the  aircraft  wa^ight  varied  fin.  h>;  o Ic;  Lc  ch/jOt’  Rg 

(1 41  , 000  lb)  on  the  different  app rc.t<  , Ju  .’d- i i i:i  , ; he  elev.itieu  uf  the 
test  sit.e  at  EAFH  v;as  u9()  m ah».  va*  resn  e h .ei,  ■ t.-«  'l.a  r • i dt*  - si  opt* 

angle  was  which  is  Icwer  than  t !u  t;.)-.  c t - lid,  ^.l.•pt•  found  at  most 

aiipoits,  The*^.'-  tactiU'.H  ...  cmip  1 K at  i'  I lu  ai'..*  * y ■ j*.  u;*  i at  a.  i ci  i’ t .it  i l'ui  1 the 
data  since  the\  afiett  the  p,ecmc  t r”  c)  i h<  : i ’ M ,<*  '*  t ^ **s‘i  n<  c ct 

operational  procedures  .and  tlu.  Jet  ciu;aiu  < '*;  c-  “u  th«’  tppi  iMcltt-s 

and  thus,  the  noise  and  fuel  r ea^oarei.iet-t  *• . n.  i ^ i « ; I'Tit  a naisistent 

set  of  d.'ita  for  direct  ca^mparlsons  * . \.a  » t . tvj-*-  cj  apprca»'lies , 

It  was  Jocided  to  iu;e  the  infl  iglit  ic!  ;*>♦•  ^ i i;  a ] i !.  ^e  • inc. 

.aircraft  .lerodyn.am  I < s , engine  u-m*’,  .»  iC  : k‘  us*  * < . • !*•  pa'^tiio’  -l‘e 

parameter.^  0 tlie*  corqiuti'C  ii'’d».*l'  t>’  . i > ■ v ‘ ‘ 1 t hi  ! 1 i^l»t  nac.t, 

th.c  rt‘SuUing  U'cdols  c.nild  If  ;i*-c'J  u h 
ilireu't  comp. U'i  son  u»uler  idu't.t  lc:\^  ( < • *.  • . ' i i 

The  MU(i  aircraft  is  ..  I » ui  **;■)■(’■  > l : 

vlnt.ig.e,  Ihi^'  .li'ia  raH  i,  I**:!-.  i j pi’di  wu*:,  » . :a  . I 
let  I'l'gims,  trcilinp.  »'dp.''  t'u;]i  ; il.s;-  h .', 


I r ' . -S‘  m t i.rbcl  .an 
‘ u Ki  •»()'»*  r M .t;u‘  4 


computer  analyHlH  ..ire  (.'.ivei.  in  i . 1 1. 1 < m.  e 
the  ruBultfi  of  this  ruir,r>ili  r .m,.  I I .. 


/,  Ihi-  :.iib;ii.<iuerit  fi>',uTes  pi'i'i.ent 


Figure  4 shnwi:  i.lie  ctiitirlim.  ii>m-.i.’  levi-l  r.i-iicratcd  by  tlie  <“^-990  air- 
craft on  cae.li  of  thn-c  ivi'ca  ni  ap;  ni.iel.i  a : the  eonvent  lunal  , the  AJA 

reduced  flap  and  the  dilayeu  lla(i.  Jhti^e  d.ita  are  lot  the  more  typ  '.a 
approach  path.  The  appr  o.ielie-  an'  ..II  for  a un-wInd  condition  at  an  alrfraft 
weight  of  Kl,(i5U  kg  (180, (me  Ibi.  (-lotted  Is  the  effective  perceived  noise, 
level  In  dB  (KPNLdh)  ver.sui.  the  r.ingi  t<>  t ouchdown  in  nautical  mile.s.  Beyond 
glide-slope  capture  the  ain  i.iU  in  < .i- h • .me  is  I lying  at  a constant  90  ' in 
altitude.  Glide-.slope  eaptuie  o,-,urs  at  about  9-1/2  n.  ml.  from  touchdown. 


Tlte  150  m stabilization  .illiinde  lor  the  delayed  flap  approach  is 
indicated  at  about  2 n.  mi.  Inside  of  2 n,  mi.  the  aircraft  configuration  and 
thrust  level  are  about  tlu-  s.ime  I o»  uacb  approach  and  the  noise  levels  are 
about  equal.  Between  8 n.  mi.  and  2 n.  mi.  there  is  a significant  reduction 
in  noise  generated  by  tlu  a delayed  llap  approach • A 

12-dB  reduction  is  iiulicati-d  ovi-r  boih  the  conventional  and  reduced  flap 

approach . 

The  sideline  noise  data  vai.s  aJM>  generated  for  each  of  the  three  approach 
types.  These  data  were  genc.itcd  ty  tlu  compuUir  noise  model,  which  used  the 
flight  test  sideline  noise  mi  ar  un.  meat  s to  retine  the  model  parar.eteis.  le 
areas  of  the  resulting  cu.t.ourt;  v;.,r.  fbeu  .al.-ulated  so  that  a direct  e(>n- 
parison  of  the  noise  iiapai  ttul  cu'ocu 
areas  for  each  of  the  ihtec  < t 


1 


cnltl  In-  ii.ade*  Tlie  yO-EPNT.dB  ii'-ntoui 
ijpn.niu-^  ax'e  included  in  fiv'.tire 


approach  techniques: 
approach,  in  terms  ci 
(in  km^);  the  time  c.' 
initial  point  at  i 
aircraft  during  eai  h 


Cy~^u{)  p^nieiits  t;nr  par  i sen  iur  the  three  difftl'ent 
reduced  flap  and  delavtni  Map 
'i^e  Cl ntcur  area  under  each  1 light  path 
inute.s)  from  the  ( nr.ir.icu'i 


the  *->' 

1 - V» 

lit  I 

...n;,  1 

tia  'rc 

■*[.i 

■;jni 

i'  U.' 

,pt-nde  d 

cn. 

t!a 

a ' . ■ 

I . I',  i . t 

‘Ut  , 

t '•> 

ten 

apiiroui 

h ( 

! M 

' * 

iue  pr 

H e*' 

i'  1 1 ‘ 

tth 

thit 

1 1 

n 

* 1 1 1 ' 

•.  1 
1,0. 


i : u 


wu; 


;rud  the  fuel  consurud  by  the 


icniticeU  tlap  approach)  has  a t ontour 


have  i»een  able  to  achi.-v. 
which  do  not  requirt*  tin 


ut  i ' *n 
» ; ui  t » ' t: 


1 ..i-proadu  Thus,  the  airlims 


ifsinc.  -''pt.  r iit if  na  1 ‘ n-*  i.-diTe 


The  del;o'ed  ilap 
This  contour  area  is  i 
and  less  than  1/i  tlu 


pi  I ■< 

alv 


i .'i. 


, ■ !,•-  : ik  I d'le  adiit  i'  ImI  ’s.>  * :•»  It 
,1-,  that  f->r  the  c u.veut  i i'Ual  .ip; 
It;,*  ^nient  airline  priKHdui**. 


i e u e t it.' 


Prt  sent  ed 
ol  the  three  t 


in  the 
; p t\s  o t 


• I t 


’iJ  in. 


A fuel  mtiafiurumont  syRtem  was  developed  and  Infitallod  in  the  CV-990 
aireraft  to  sample  and  provide  a eontlnuous  meaHurement  of  the  fuel  flow  to 
each  ol  the  four  engines.  Fuel,  (low  to  each  engine  Is  summed  In  the  dlp.lt.il 
eomputei:  to  update  the.  weight  of  the  aircraft  in  real-time,  A continuous 
record  ol  the  luel  use  Is  therefore  available  throughout  the  flight  mishlon. 

As  mechanized,  the  system  has  a resolution  of  3,6  kg  (8  lb).  It  hat;  been 
estimated  that  during  the  approximate  5-mln  duration  of  an  approach  the  fuel 
used  cun  be  determined  to  within  *7  kg,  ('15  lb). 

During  the  flight  test  onboard  the  CV-990,  the  fuel  consumed  was  measured 
for  a series  of  each  of  the  different  types  of  approaches  (the  conventional, 
ATA  reduced  flap,  <and  the  delayed  flap).  The  same  initial  condition  was 
establ lulled  prior  to  beginning  each  approach.  This  initial  condition  was: 
range  from  touchdown  15  n.  mi.;  altitude  approximately  900  m (3000  ft); 
indicated  airspeed  240  knots;  and  flaps  and  landing  gear  up.  The  resulting 
flight  data  was  again  used  to  validate  a computer  model  from  which  a directly 
comparable  set  of  data  could  be  generated  for  identical  test  condition.  This 
data  is  showtr  in  the  bar  charts  of  figure  5. 

The  current  airline  procedure  (Reduced  Flap  Approach)  saves  50  kg 
of  fuel  over  the  conventional  approach,  while  the  delayed  flap  approach  saves 
an  additional  130  kg  over  the  reduced  flap  approach. 

The  delayed  flap  approach  does  require  additional  avionics,  but  the  cost 
of  this  avionics  could  possibly  be  recovered  in  a reasonable  period  of  time 
iron)  the  cost  of  fuel  saved. 

Time  savings  are  also  Important  to  airline  operations,  and  It  is  shown  in 
figure  5 that  the  delayed  flap  approach  saves  a minute  of  operating  time  over 
both  the  reduced  and  conventional  approaches. 


Appl Icat  1 on  to  ujrr ent  Airlines  Aircraft 

NASA  has  contracted  with  the  Boeing  Commercial  Airplane  Company  to  evalu- 
ate the  delayed  flap  concept  on  an  aircraft  which  is  representative  of  those 
In  current  airline  use.  The  objective  is  to  examine  some  of  the  probler.i.-. 
assoc.,  iat  eJ  with  the  application  of  the  delayed  flap  concept  to  a curieiil 
aircial  t and  tc  evalu.ite  tin.,  luel  and  noise  Icmelits.  The  c.>perat  Iona  1 t 1 igi;t 
l'iiic.(.dm  es,  computer  algorithm  and  benefits  will  hi;  different  for  eacii  type 
<1  aif.i.ilt.  I’resenlcd  in  this  section  will  be  a pi'rtion  oi  the  study 
laault:  tor  the  Boeing  727  airplane.  Complete  study  results  an-  presented  in 

releron.  c.-  S. 


Booing  727  operational  rrc>cedure 

I r<  i-ented  in  figure  b Is  an  example  of  the  delayed  flap  procedure  as 
adapted  to  tlie  Boeing,  727  aircraft.  The  figure  shows  the  altitude  and 
airsjceed  profiles  as  a function  ot  range  to  touchdown.  The  various  event.s 
whiih  occur  during  tlie  approach  are  indicated  on  the  airspeed  profile.  The 


aircraft  provldoB  five  flap  detents  to  control  tho  ».'nfrcy  during  tlic  appro.-u  li. 
If  the  approach  is  liltlated  from  900  m and  220  knots,  .-in  shown  lioro,  idle 
thrust  Is  comm.anded  just  prior  to  glide-slope  capture.  Thi.'  tominandn  an- 
Illuminated  on  an  ,-nnnunciator  on  the  Pilots  Panel  of  the  H-727.  As  the 
approach  progresses  the  command  will  be  generated  in  the  sequen<;e  shown  In  the 
figure  (l.e.,  flap  ^ 2“,  5®,  15®,  utc.). 

For  non-icing  conditions  the  deceleration  is  arrested  by  reapplying 
thrust  in  two  steps,  first  to  an  engine  pressure  ratio  (FPK)  o(  ] .]  (at  about 
2.5  n,  ml.)  and  then  to  normal  approach  power  setting  (about  KPk  1.1)  at  the 
target  altitude  of  150  m.  The  first  step  to  KPR  1.1  initiates  engine  .-ua  i l- 
eratlon  to  a power  setting  near  the  .surge  bleed  valve  operating  point  1 roni 
which  further  acceleration  can  be  obtained  more  rajiidly  when  riqulred.  iliis 
is  a characteristic  of  the  particular  engine  in  the  B-727-20U  airplane  (i.e., 
JT8D-9).  From  150  m through  to  landing,  the  aircraft  Is  operated  as  on  .i 
conventional  or  stabilized  approach.  Foi  an  icing  condition,  the  throttle 
setting  would  be  maintained  above  idle  at  about  55  piercent  rpm  for  inlet 
anti- icing.  An  EPR  of  1.2  is  tba  minimum  which  would  insure  this  thrust 
level.  The  flap  and  gear  extensions  will  always  occur  In  the  same  sequence 
but  will  not  always  occur  at  the  same  speeds.  This  will  depend  on  the  wind 
condition,  the  weight  of  the  aircraft,  and  the  initial  conditions.  For  head- 
wind conditions  the  sequence  of  procedures  becomes  more  compressed,  while  in 
tailwinds  the  events  will  be  strung  out. 

Weight  variations  have  little  effect  on  the  deceleration  distance  i>r 
general  shape  of  the  airspeed-range  curve.  Increased  weights  generally 
shift  the  airspeed  curve  upward  by  an  amount  equal  to  the  increase  in  . 

Thus,  configuration  changes  occur  at  a higher  airspeed. 

The  flap  speed  schedule  shown  on  the  figure  is  selected  t..  r.inir.ixe  the 
pitch  attitude  ch.-inges  during  flap  extension  on  the  final  .i;  prcai  h. . !his  ic 
desirable  for  good  glide-slope  trucking  by  both  the  piK't  and  ante;  iK  t.  It 
was  shown  in  reference  8 that  the  current  727  autopilot  o.ntri'1:  these 

disturbances  quite  well.  Fortunately,  the  minimum  pitch  di .-.t ic  bar.  i.  -.ci.ed'ili 
also  provides  adequate  speed  margins  from  safety  1 ir.lts,  as  r«. pin.  nt «.  d ! ;• 
the  stall  speed  region  and  flap  placard  boundar  ic',  .inH  is  .i  g.  -r ; re:-  ; . 

with  respect  to  fuel  and  noise  bene!  Its,  whii-h  will  1 <.  dis.  u.-sed  ui.xt  . 


No  i se , Fue ’ , and  T i me  Bene  f i t s 


The  results  of  a benefits  utialysls  ti>v  tlu’  B-7d7  .iircr.itt  am  d..  •.  u i 
figure  7.  Computed  fuel  usage,  elapsed  time  on  tlic  ap|  r.  ac.i  .it.d  !.■  i'>  i 

areas  are  compared  for  three  different  operaticnal  pm-«dnic-  ii.  'ti!.  .ir 
conditions.  All  approaches  are  Initiated  in  .i  ^ le.iu  air.  r. -.it  . i.’i.urati 
the  same  flight  conditions.  The  data  show  that  cnra.isitut  Iciu-tit 
realized  for  the  B-727  when  conducting  a dela;.ed  ilaj  .ipproaci:  c . 
either  the  conventional  and  reduced  flap.  For  example,  > empated  t' 
current  airline  procedure  (reduced  flap),  a tuel  miving.  d I.”  V . i 
almost  1-1/2  min  in  time  Is  .saved,  .ind  a m-dia  t n in  tl.<-  c .ac 

the  size  of  that  generated  by  the  B-727  on  .i  reduced  fl.ip  .ipprc.uh 


• ii  I 

; .p.im-d 

• I. 


Although  tlH'  data  prcHc-ntcd  ia  for  a no-wlnU  condition,  the  relative 
benefit  ciimpar laon  for  luti,  time  and  nolne  la  not  nlgnlf icantly  different  for 
headwind  and  tailwind  conditions.  The  effects  of  a lO^knot  headwind  and  a 
10''kni>t  taUv;lnd  are  Included  in  reference  8,  in  addition  to  the  nolne  effects 
with  .acouiitically  treated  nact'Uen. 

Pi  jot  k'^aluat  hijn 

In  November  1973  nine  guest  pilots  participated  in  an  inflight  evaluation 
of  the  delaved  flap  procedure  and  display  concepts  onboard  the  CV-990  airplane. 
These  gue.sta  represented  United  and  American  Airlines,  the  Boeing,  Douglas, 
and  Lockheed  companies,  and  the  FAA,  ALFA,  and  ATA  organizations.  The  flight 
operations  were  conducted  at  the  Sacramento  Metropolitan  Airport,  Sacramento, 
California,  under  VFR  conditions. 

During  this  series  of  flight  tests,  each  guest  pilot  conducted  from  three 
to  six  of  the  different  types  of  approaches  either  as  command  pilot  in  the 
left-hand  seat  or  as  safety  pilot/observer  in  the  right-hand  seat.  The  pilots 
acted  upon  the  sequence  of  messages  as  they  were  displayed  on  the  message 
display  and  manually  deployed  the  landing  gear  and  flaps,  and  operated  the 
throttles.  The  approaches  were  primarily  conducted  in  a coupled  autopilot 
mode.  Generally,  the  approach  was  stabilized  in  airspeed  and  aircraft  config- 
uration at  150  m altitude  and  continued  through  to  touchdown.  Comments  and 
opinions  were  solicited  from  each  guest  pilot  after  the  flights.  A preliminary 
assessment  of  the  operational  procedures  is  summarized  as  follows. 

Under  the  conditions  of  these  tests  most  pilots  indicated  no  significant 
increase  in  pilot  workload  for  the  delayed  flap  approach  over  the  con- 
ventional approach,  and  felt  that  reversion  to  a conventional  approach 
could  be  made  safely  and  easily  in  the  event  of  delayed-flap  equipment 
malfunction.  Consistent  performance  by  the  pilots  and  system  was  demonstrated 
in  controlling  the  deceleration  to  achieve  the  reference  velocity  at  150  m 
altitude  on  the  approach  regardless  of  aircraft  gross  weight  and  existing  wind 
conditions.  The  higher  airspeeds  existing  during  the  approaches  were  not 
indicated  as  a problem  by  any  of  the  guest  pilots. 

There  were  several  comr.ients  made  by  the  guests  pednting  c>ut  the  potential 
difficultv  of  integrating  the  high-speed  delaved  flap  procedure  into  the 
existing  Air  Traffic  Control  environment.  It  was  indicated  that  this  might  be 
especially  difticult  at  high  density  airports  such  as  Chicago’s  O’Hare  or 
Los  Angeles  International. 

Genera’ ly,  the  guests  were  in  agreement  that  the  operational  procedure 
and  displays  were  acceptable  and  ttiat  the  technique  provided  benefits  for 
noise  relief  uud  fuel  saving,  but  it  was  also  the  consensus  that  additional 
research  would  be  required  before  the  delayed  flap  technique  could  be 
considered  an  acceptable  alternative  fer  the  current  airline  approach  pro- 
cedures . 


CONCLUSIONS 


Analytical,  simulation,  and  Inflight  studies  have  been  conducted  to 
investigate  the  delayed  flap  approach  technique.  Infill ght  measuremonta  of 
fuel  usage  and  ground  measurements  of  perceived  noise  wore  made  during  flight 
test  with  the  NASA  CV-990  airplane  to  assess  potential  benefits  of  the 
approach  technique.  Results  show  that  significant  benefits  may  be  obtained 
using  the  delayed  flap  approach  technique.  Onboard  the  CV>990,  guest  pilots 
conducted  a limited  investigation  of  the  acceptability  of  the  operational 
procedures.  A generally  favorable  response  was  obtained  from  these  guests. 
Studies  are  underway  to  apply  the  delayed  flap  concepts  to  an  evomple  of  a 
current  airline  aircraft.  Application  of  the  approach  technique  to  the 
operation  of  a B-727-200  airplane  shows  that  when  compared  to  the  reduced 
flap  approach,  significant  savings  in  fuel,  flight  time  and' reduction  in  the 
noise  impact  area  are  achieved  by  using  the  delayed  flap  approach. 

Several  critical  areas  of  research  need  study  before  the  delayed  flap 
approach  could  be  considered  an  alternative  to  the  present  airline  approach 
techniques.  These  areas  include  avionics  retrofit  costs,  operational  safety, 
and  compatibility  with  the  existing  air  traffic  control  environment. 
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Figure  1.-  CV-990  aircraft. 


Figure  2.-  CV-990  delayed  flap  approach  profile. 
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Figure  3.“  CV-990  cockpit  and  displays  used  in  delayed 

flap  approach. 


120  - 


0 2 4 (>  S 10 

NAUTICAL  MILES  FROM  TOUCHDOWN 


Figure  4.-  CV-990  centerline  noise 
comparison  for  3°  glidepath. 


1 


FUEL  USED 
kg 


ELAPSED  TIME, 

min. 


90dB 

NOISE  CONTOUR 
km^ 


420 

n 

iJ 


5.2 


370 


22 


““I 

j 

17 

240 

□ 


4.1 

5 

□ 


Figure  5.-  CV-990  benefits  comparison. 
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Figure  6.-  Boeing  727  delayed  fldp  approach  profile. 
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GENERAL  AVIATION  APPROACH  AND  LANDING  PRACTICES 

Loyd  C.  Parker 
NASA  Wallops  Flight  Center 

Maxwell  W.  Goode 
NASA  Langley  Research  Center 


SUMMARY 


The  characteristics  of  air  traffic  patterns  at  uncontrolled  airports 
and  techniques  used  by  a group  of  general  aviation  pilots  in  landing 
light  airplanes  have  been  documented.  The  report  contains  the  results  of 
some  1600  radar  tracks  taken  at  four  uncontrolled  airports  and  some  600 
landings  made  by  22  pilots  in  two>  four-place,  single-engine  light 
airplanes.  The  results  show  that  the  uncontrolled  traffic  pattern  is 
I'ishly  variable.  The  altitudes,  distances,  and  piloting  procedures 
utilized  may  affect  the  ability  for  pilots  to  see-and-avoid  in  this 
environment.  Most  landing  approaches  were  conducted  at  an  airspeed  above 
recommended,  resulting  in  significant  floating  during  flare  and  touchdowns 
that  were  relatively  flat  and  often  nose-low. 


INTRODUCTION 


The  National  Aeronautics  and  Space  Administration  has  undertaken 
research  programs  to  document  the  practices  used  by  general  aviation 
pilots  in  the  traffic  pattern  and  during  final  approach  and  landing. 

These  efforts  were  prompted  by  the  general  aviation  safety  records 
reflected  in  accident  summary  reports,  reference  1,  and  mid-air  collision 
reports,  references  2,  3,  and  4.  These  reports  Indicate  that  the  most 
frequent  accidents,  under  visual  flight  rules  (VFR) , occur  at  the  airport 
during  the  approach  and  landing  of  single-engine  light  planes  flown  for 
pleasure.  Additionally,  most  mid-air  collisions  occur  in  the  traffic 
pattern  at  uncontrolled  airports  on  final  approach  and  involve  lack  of 
adherence  to  proper  pattern  procedures  and  failure  of  pilots  to  see-and- 
avoid.  The  vast  majority  of  all  accidents  are  attriouted  to  the  pilot, 
as  the  cause  or  a factor  contributing  to  the  accident. 

For  the  air  traffic  pattern  studies  a tracking  radar  system  was  used 
to  measure  and  record  the  position-time  histories  of  general  aviation 
airplanes  on  pattern  entry  and  in  the  pattern  legs.  Data  were  collected 
at  four  uncontrolled  airports  each  having  a different  environment  and 
pattern  procedures.  Airplane  separation  data  in  the  pattern  was  measured 
at  the  last  airport  visited  using  two  radar  systems.  For  each  radar 
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track,  the  runway,  type  airplane,  «urface  winds,  barometric  pressure, 
visibility,  and  cloud  ceilings  were  also  recorded.  Approximately  14 
individual  radar  tracks  were  taken  to  define  air  tratllc  pattern  charac  e 
istics  and  2CC  radar  tracks  taken  to  define  normal  general  aviation 
separation  practices.  Preliminary  results  of  the  air  traffic  pattern 
studies  were  reported  in  reference  5. 

Two  modern,  four-place,  single-engine  light  airplanes  (a  low-wing 
and  a high-wing)  were  leased  from  a fixed-based  operator  (FBO)  and  instru- 
mented to  obtain  final  approach  and  landing  performance  data.  A cadre  of 
22  general  aviation  pilots  with  various  backgrounds  and  experience  was 
provided  by  the  FBO  to  perform  a series  of  landings  on  a long  runway 
(1524  m - 5000  ft)  and  a short  runway  (762  m - 2500  it).  Approach  and 
landing  data  were  collected  using  the  instrumented  aircraft  ami  a ground 
trackiM  system  for  approximately  150  landings  of  each  airplane  at  each 
Runway!  m pilots  Zle  briefed  on  the  purpose  of  the  study  and  operation 
of  the  equipment  prior  to  participating  in  the  program.  Pilots  were 
asked  to^turn  on  the  airborne  data  system  just  prior  to  final  approach 
and  to  make  normal  landings  based  on  their  training  and  experience.  Each 
pilot  was  scheduled  to  make  a maximum  of  six  landings  in  one  day  on  one 
runway.  To  alleviate  traffic  conjestlon  on  the  long 

landings  with  a significant  ground  roll  were  permitted.  All  landings  n 
the  short  runway  were  completed  to  a full  stop.  Preliminary  results  o 
rte  iL-wing  aircraft  phase  of  the  approach  and  landing  study  were  presented 

in  reference  6. 

TEST  EQUIPMENT 

Air  traffic  pattern  measurements  in  the  uncontrolled  airport  environ- 
ment were  made  utilizing  the  MPS-19  tracking  radar  figure  1. 

Position-time  histories  of  arriving  airplanes  wert  recorded  on 
tape  at  one  sample-per-second.  Operators  maintained  a log  of  each  track 
which  Included  active  runway,  type  airplane,  surface  wind,  ceiling  an 
visibility  data.  Radar  data  were  rotated  to  the  magnetic  bearing  of  the 
landing  rLway  and  parallaxed  to  the  landing  runway 
normalized  runway  referenced  coordinate  system  which  permits  direct 
comparison  of  pattern  legs  at  each  airport.  During  data  reduction, 
operator  log  data  were  combined  with  each  track  and  stored  on  computer 
disc  files  for  retrieval  and  analysis.  Position  accuracy  o o 
system  is  + 9.5  m (10  yds)  RMS  in  range  and  + 1 angles. 

Final  approach  and  landing  data  were  obtained  using  two  instrumented 
airplanes,  figure  2,  and  a ground  tracking  system,  figure  ^ ’ 

widely  used  in  general  aviation  private  flying,  were  leased  from  an  FBO 
and  Instrumented  to  measure  and  record  21  different  f^S^t  parameters, 
including  airspeed,  pitch  attitude,  flap  position,  and  “ 

cations  to  the  airplanes  included  a test  boom  on  the  left  wing  tip  to 
measure  airspeed,  angle  of  attack  and  angle  of  sideslip;  control  switches 
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on  the  Instrument  panel;  and  an  instrumentation  packop.e  located  aft  of 
the  pilot's  seat.  The  airborne  data  system  incrt'nsed  the  basic  weight  of 
the  test  airplanes  approximately  86,2  kilograms  (190  pounds).  Both 
airplanes  were  flight  tested  by  NASA  research  pilots  before  and  after 
modification  with  the  determination  that  the  Instrumentation  had  a 
negligible  effect  on  the  airplane  handling  characteristics. 

The  ground  tracking  system  was  used  to  obtain  the  flight  path  and 
touchdown  data  with  respect  to  the  runway.  This  system  was  comprised  of 
a 16~nm!  motion  picture  camera  and  a 3.05  m (10  ft)  high  by  67.0  m (220 
ft)  long  photographic  grid.  The  grid  consisted  of  a series  of  vertical 
and  horizontal  plastic  strips  which  formed  squares  of  0.6  ro  (2  ft)  on  a 
side  within  the  grid  frame.  Normal  photogrammctric  techniques  were  used 
to  obtain  the  trajectory  data  from  the  motion  picture  film.  The  airplanes 
were  assumed  to  be  aligned  with  the  runv/ay  center  line  for  photographic 
analysis.  A field  survey  of  a typical  grid  installation  indicated  a 
tracking  accuracy  of  + 0.3  m (+1  ft)  or  loss. 


AIRPORTS  AND  RUNi^AYS 


The  location  of  the  airports  where  data  was  taken  during  these 
studies  are  shown  in  figure  A.  Air  traffic  pattern  data  were  collected 
at  Salisbury—Wlcomico  (SBY),  Gaithersburg  ((JAl),  Hyde  (HYD) , and  Manassas 
(MAN)  airports.  Approach  and  landing  data  were  collected  at  Hummel  and 
Patrick  Henry  airports. 

The  Sallsbury-Wlcomico  airport  is  located  near  Salisbury,  Maryland, 
in  a rural,  low  density  traffic  environment  and  has  an  airport  elevation 
of  15.5  m (51  ft)  above  mean-sea- level  (MSL),  traffic  pattern  altitude 
(TPA)  of  2AA  m (800  ft),  three  152A  m (5000  ft)  runways,  an  FAA  Flight 
Service  Station  (FSS),  VOR  facility,  commuter  service,  active  flight 
school,  airplane  maintenance  and  service  facilities,  and  approximately 
25,000  operations  per  year  of  which  one-third  are  estimated  to  be  twin- 
engine  aircraft.  The  Gaithersburg,  Maryland,  airport  is  located  In  a 
high  density  traffic  environment  north  of  the  Washington,  D.C.,  Terminal 
Control  Area  (TCA)  and  has  an  airport  elevation  of  165  m (540  ft)  MSL, 

TPA  of  183  m (600  ft),  one  960  m (3150  ft)  runway,  right-hand  pattern  for 
runway  31,  active  flight  school,  significant  airplane  maintenance  facilities, 
large  number  of  resident  private  and  corporate  airplanes,  and  operations 
estimated  at  50,000  per  year  of  which  89%  are  single-engine  airplanes. 

The  Hyde  airport  is  located  near  Clinton,  Maryland,  beneath  the  457  m 
(1500  ft)  floor  of  the  Washington,  D.C.,  TCA  whose  surface  boundaries 
north,  oast,  and  west  require  all  VFR  traffic  to  enter  from  a south  to 
southwest  direction.  The  airport  has  an  elevation  of  76  m (249  ft)  MSL, 

TPA  of  244  m (800  ft),  two  runways  -.one  of  976  m (3200  ft)  and  one  of 
640  m (2100  ft),  another  uncontrolled  airport  located  approximately  1.5 
n.  ml.  to  the  west,  local  pattern  procedures  whicli  specify  upwind  pattern 
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i*ntry  lor  runwayH  5 and  il,  atlivo  l lJrdit  siImm)!  and  llyliiK  < lub, 
larj;o  numbor  of  roBidont  airplanes,  Horvltt*  and  inaintenanre  latilitJes, 
and  operations  estimated  at  25,000  ju*r  year  of  wbUb  04/  are  si  in;  I e- 
ein;im’  airplanes.  The  Manassas,  Vlrpjnla,  (MAN)  airport  Is  ated  west 
of  tlie  VJashington,  D.(k,  TCA  in  a relatively  luw  density  trallh  envirtninient 
and  luis  an  elevation  ol  57  m (18b  ft),  fl’A  oi  J44  m (MOO  ft),  one  1)28  m 
(3700  ft)  runway,  comimitor  serviee,  flight  sehoiU , servJee  and  mainti»nance 
facilities,  large  number  ol  resident  airplanes  and  iiperatlons  estimated 
at  25-35,000  per  year. 

Approach  and  landing  data  lor  a long  runway  of  1524  m (5000  ft)  were 
collected  on  runway  2 and  20  at  the  Patrick  Henry  airpc^rt  in  Newport 
News,  Virginia.  The  elevation  of  the  airport  is  12.5  m (+1  ft)  MSI*  and 
controlled  traftic  at  the  airport  was  very  heavy  at  times  necessitating 
extended  downwind  and  long  straight- in  final  approach  legs.  The  short 
runway  airport,  Hummel,  located  near  Saluda,  Virginia,  is  a small  uncon- 
trolled airport  with  an  elevation  of  9.1  m (30  ft)  serving  a rural  area. 

All  landings  were  made  on  runway  18  which  is  782  m (2500  ft)  long.  Final 
approach  to  the  runway  is  over  water  with  a tree  line  approximately  one- 
quarter  of  a mile  from  threshold.  Tlie  airport  had  verv  liglit  traffic; 
consequently,  the  test  subjects  could  fly  the  pattern  without  interference. 

RESULTS  AND  DISCUSSIONS 


The  results  of  the  uncontrolled  air  traffic  pattern  measurements 
study  are  based  on  a total  of  1409  individual  radar  tracks  at  three 
airports  and  208  radar  tracks  of  airplane  separation  distance  at  one 
airport.  Of  tb\.*  individual  tracks  obtained  approximately  83/  were  single- 
engine airplanes  and  17/  were  twin-engine  airplanes.  The  results  of  the 
approach  and  landing  performance  study  covers  a total  of  616  landings 
made  by  both  airplanes  at  both  runways.  A total  of  299  landings  (144 
long  runway,  155  short  runway)  were  made  in  the  low-wing  airplane  and  307 
(163  long  runway,  154  short  runway)  were  made  in  the  liigli-wing  airplane. 

Uncontrolled  Air  Tiatlic  Pattern 

Tlie  generally  rocognlr*ed  standard  uncontrolled  air  traffic  pattern 
Is  characterii!ed  by  entry  to  the  downwind  leg  at  a 45-degree  angle  at  a 
244  m (800  ft)  altitude  above  ground  level  (AGL)  and  *Mef t-hand**  turns 
from  downwind  to  base  and  base  to  final  legs,  reference  7.  A different 
pattern  may  be  adopted  at  an  lndiv‘Uual  airport  to  avoid  a local  problem. 
Two  of  tile  airports  had  local  variatiiins  trom  the  standard  pattern.  HYD 
has  a local  procedure  of  an  upwind  pattern  leg  entry  for  runways  31  and 
5.  GAI  has  a local  pattern  altitude  183  m (600  ft)  and  a right-hand 
pattern  for  runway  31.  /\t  the  time  traffic  measurements  were  conducted 
the  FM  had  Issued  NPRM  71-20,  ^’Operations  at  Airports  Withmit  Control 
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TowerH,”  whJcii  propi>Hfd  a ni*w  unconlrtil  lt><l  traifir  p.iUiTii  camfcpt, 
flRurc  5.  I'SS  pcrnonni'l  at  SHY  ••tu’ourap.i'd  local  pi  loin  to  try  out  this 
proposal  durlnp,  tlu<  period  air  traffic  mcafaircnutUa  were  conducted. 


Pattern  Kntry 

The  luck  of  adherence  to  pattern  entry  pro< edures  Is  a possible 
cause  of  mid-air  collisions.  The  pattern  leR  entry  locations  were  examined 
to  determine  the  variations  from  local  procedure.  The  rc-sults  of  this 
analysis  for  arriving  airplanes,  figure  6,  illustrates  the  variations 
from  local  pattern  entry  procedure.  In  the  higher  traffic  density  environ- 
ment of  GAl,  adherence  to  the  pattern  procedure  was  significantly  better 
than  either  HYD  or  SBY.  Approximately  51%  at  SBY,  12%  for  downwind  and 
66%  for  upwind  runways  at  HYD,  and  11%  at  CAT  of  the  arriving  traffic  did 
not  adhere  to  the  local  pattern  entry  procedure.  Normal  left-  and  right- 
hand  traffic  entering  downwind  at  GAI  are  shown  as  a right-hand  entry  on 
figure  6 to  illustrate  deviations  from  the  standard.  At  GAI  2%  of  the 
traffic  failed  to  recognize  the  right-hand  pattern  established  for  runway 
31  and  used  a left-hand  approach  opposite  to  local  pattern.  At  SBY  4%  of 
the  traffic  used  a right-hand  base  entry  opposite  to  the  left-hand 
pattern. 


Pattern  Leg  Distributions 

In  addition  to  the  variation  in  pattern  entry  location,  the  distance 
and  altitude  variations  within  the  pattern  legs  may  increase  the  pilot’s 
sec-and-avoid  problem.  The  ground  track  distributions  observed  in  the 
pattern  legs  at  SBY  and  HYD,  figure  7,  illustrate  this  variation  between 
a low  density  (SBY)  and  high  density  (HYD)  environment.  Another  factor 
affecting  this  difference  Is  that  SBY’s  traffic  was  33%  twin-engine  as 
compared  to  only  6%  twin-engine  traffic  of  HYD.  In  either  case,  the 
pattern  legs  are  wide  and  extend  from  a few  tenths  of  a nautical  mile  out 
to  greater  than  1.5  n.  mi.  from  the  runway.  General  aviation  pilots 
should  expect  conflicting  traffic  at  distances  up  to  several  nautical 
miles  when  entering  an  uncontrolled  traffic  pattern.  The  camulative 
distributions  of  distance  for  the  downwind,  base  and  final  pattern  legs 
are  shown  in  figure  8.  This  figure  further  Illustrates  the  difference 
between  HYD's  constrained  environment  and  SBY.  Conversely,  the  downwind 
cumulative  distribution,  figure  8a,  for  SBY  and  GAI,  which  has  twice  the 
traffic  of  SBY,  are  essentially  the  same  out  to  the  medi.an  pattern  distance. 
The  divergence  beyond  the  median  for  the  SBY  and  GAI  suggest  that  this 
portion  of  the  distribution  may  be  a result  of  the  twin-engine  traffic 
percentage  of  33%  at  SBY  and  11%  at  GAI.  On  base  and  final  logs  little 
difference  In  the  cumulative  distribution  is  shown  up  to  the  97%  level, 
figure  8b  and  8c. 
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A Jartnr  which  nuiy  scrioMhlv  liillciiut*  a ahilifv  to  (h  ltct 

aiu»tht*r  alrpt/uu*  ia  .lilht'Cciua'  <h  t lie  t*st  ah  I I i;he<l  TI*A»  The  iuniulat  Ive 
il  1 s t r ihut  I onr*  ei  tlu*  averay.e  allllmU*  ti>r  ail  (rallle  at  4M«h  airport  on 
dowji^ncl,  hasi*  aiul  I Inal  lep,^  are  C4>mparcil  In  I ip.nre  't,  I he  variation 

th)wnwlnJ  TPA  oi  18  J m <h()0  It)  at  OAI  and  m (800  It)  at  HYI) 

^ul  SBy  is  sliown  in  I i^ure  ha.  Less  than  1.  <»l  tlu'  traflic  ohscrvctl  on 
downwind  is  bch>w  an  altitude*  oi  approx  iniatel  v \?2  m (400  It)*  This 
figure  also  illustrates  that  ot  the  trait  Ic  on  downwind  lor  OAI  and 

UYI)  was  below  305  m (1000  It)  and  at  SliY  was  Inflow  4'K)  m (1410  It). 
Variations  of  at  least  18J  m (OOO  ft)  or  grc*ater  in  the  TPA  flown  are 
shown  at  all  airports.  At  ilYD  and  SHY  where  tlie  TPA  was  244  m (800  ft), 
greater  than  65*6  (SHY)  and  90/  (HYD)  of  the  traflic  was  below  this  altitude 
on  downwind  leg.  In  comparison  the  OAl  median  altitude  is  essentially 
equal  to  the  specified  TPA,  Indicating  that  18*3  m (bOO  It)  may  be  the 
more  natural  pattern  altitude.  In  reference  8,  pilots  overwhelmingly 
indicated  they  preferred  a TPA  of  244  m (800  It)  or  305  m (1000  ft). 

Most  pilots  (95%)  indicated  they  did  not  deviate  from  the  TPA  more  than 
45.6  m (150  ft)  , substantially  less  tlian  was  actually  observed.  The  signifi- 
cant altitude  variations  on  downwind  leg  are  continued  through  base  and 
final  legs  as  shown  on  figures  9b  and  9c.  Most  data  shown  for  the  final 
leg  were  taken  at  a distance  greater  than  7b2  m (2500  ft)  from  the  runway 
threshold. 


Croswind  Leg 

Departure  airplanes  may  pass  through  portions  of  the  crosswind  leg 
creating  potential  mid-air  collision  (MAC)  situation.  This  is  illustrated 
by  figure  10  which  shows  a cross  section  of  a bivariate  log-normal  distri- 
bution of  the  crosswind  leg  at  SHY  and  typical  departure  paths  of  a 
single-engine  and  twin-»^ngine  airpla’^e.  The  conflict  between  departing 
and  arriving  airplanes  has  been  recognized.  The  latest  FAA  Advisory 
Circular  AC  90-60  ‘‘Recommended  Standard  Traffic  Patterns  for  Airline 
Operations  at  Uncontrolled  Airports**,  reference  9,  recommends  that  a 
downwind  entry  mid-point  of  the  runway  be  used  and  established  specific 
departure  procedures  to  minimize  conflict  with  traffic  using  the  crosswind 
leg.  At  airports  where  a crosswind  pattern  leg  is  utilized,  specific 
procedures  are  needed  for  arrival  and  touch-and-go  traffic. 


Type  of  Aircraft 

A comparison  of  the  mean  distance  and  altitude  for  single-engine 
high-wing  (SEHW),  single-engine  low-wing  (SELW),  and  twin-engine  (TWIN) 
airplanes  at  SHY  is  shown  In  figure  11.  The  mean  pattern  distance, 
figure  11a,  of  the  SEHW  airplanes  is  approximately  0.2  n.  mi.  less  than 
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(!  In.surr  Kalr 

Slnoo  all  trait  !■.•  p.om'ially  or.upii'S  tin-  same  aiispa.a  in  tli''  nn- 
controllod  air  trait  li'  pattern  oiiv  i r,>nM,.-nl . > l.'siir.'  rates  l>eiweeii  airplaiu'S 
whose  pilots  tail  to  sta*  tlu'  I'tlier  ho'innes  an  impnitant  , ons  ulerat  ioii  in 
the  development  ol  anv  systems  solution  to  tlie  :uid-air  .olllsion  (^L\t.) 
problem.  The  average  i-uraulat  ive  horizontal  aad  vi'rtioal  , lostire  rates  in 
the  traffic  pattern  were  determiiu’d  lor  (lAl  and  HVl),  t igiire  Id.  the 
median  closure  rate  between  airplanes  expiated  in  a tvpi.al  geiier..! 
aviation  uncontrolled  traffic  pattern  is  IH  knots  In-r t/onial ly  and  1.1  m/sec 
(258  ft/min)  vertically.  Peak  closure  rates  in  a t vp  i c,i  1 genera  1 aviation 
environment  within  the  pattern  legs  should  not  e;-.ci  ed  H5  knots  and  S.'.  tn/se. 
(1,068  ft/mln)  more  *han  2/.  of  the  time.  H turbo-prop  pov.vred  twin- 
engine  airplanes  us-  the  environment,  sucli  as  tlie  , ase  at  Si'A  , tin-  av.  rage 
closure  rate  in  the  pattern  logs  will  he  increased,  lor  Slii  , the  nudian 
horizontal  closure  rate  was  found  to  be  appn'ximately  knots  and  ex- 
ceeded 14A  knots  2%  of  the  tini'  - a significant  incn..se  ovei  tl—  I'eak^ 
rates  for  HYD  and  ('.AT.  Vertic'l  closure  rates  als.-  increased  to  a median 
of  1.9  m/sec  (375  ft/min)  and  exceeded  7.1  m/sec  (l'*17  It/min)  d'  ot  the 
time.  The  possible  closure  rates  during  and  prior  to  pattern  entry  are 
even  higher  and  exceed  360  knots  In  the  SHY  ouv  i i ontnetit  . Cl.'sure  rates 
determine  how  far  in  advance  of  a MAC  tiiat  a warning  must  he  issued.  fo 
provide  a 20-second  warning  time  at  a 3h()  knot  closure  rate  would  re.piire 
issuing  the  warning  when  the  airplanes  were  separated  hv  greater  tha,,  d 
n.  ml.  It  is  not  considered  unusual  to  liave  several  airplanes  with 
separations  of  less  than  2 n.  ml.  at  relatively  high  closure  rates  in  a 
high  density  uncontrolled  airptn't  trattk  area. 


Separat  ion  D i slam  t' 

Another  factor  which  may  affect  M\C  systems  perlormanc  and  re<|uired 
accuracy  is  the  normal  separation  distances  used  hv  general  aviation 
pilots  in  the  uncontrolled  traltlc  pattern’.  In  reUrence  h,  pilots 
Indicated  they  used  an  average  of  approxlmatelv  1 n.  mi.  separation  in 
the  traffic  pattern.  The  actual  separation  distan.es  measured  .it  .1  tvpK.il 
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uncontrolU’d  airport,  wore  p,rnt.»r.i  I 1 v In.s  rli.ui  1 lu  \wi  . (hi;,  i:.  I I 1 usi  r it  ..I 

by  figure  13  tn  v/hUdi  a typiral  ii<.*|>4iral  luu  traol'  iImivv'i.  • It  1»  ..  .♦  p ir  ,ii  i .ii‘ 
than  1 n#  ml,  Fn  I'ai’t,  lh<*  nilnlimmi  i.opai  iiImh  .iP.iaiKi-  . oi  i d 

tracks  was  less  than  0*1  n,  ml.  durlnp»  a portion  ol  tlir  tr-nK  Ihr 
cumulative  dlstribut  Iona  ol  the  /;VLr/i)p-  arparat  ion  disiai]i  i‘  and  iIh‘ 
minimum  distance  nbnervi^d  I t»r  each  tract*  arc  r.liown  in  1 Ic.nrc  !'♦.  Tl»r 
median  average  Hcparatioii  diatance  Tor  each  pair  oi  ain  tall  trach.  was 
found  to  be  0.73  n.  ml.;  however*  a si)»nH  leant  penenlara’  Mb  ) used  an 
average  separation  ut  less  tl)an  0.3  n.  ml.  The  median  minimum  si'parat  Ion 
distance  observed  tor  each  pair  ol  tracks  wa‘4  lound  to  he  O.Ab  n,  mi,  and 
10%  of  the  aircraft  closed  to  less  tlum  0.1!  n.  ml.  Tlu*  liep.iral  ii*n  tils  tames 
observed  illustrate  that  general  aviation  pilots  olitui  r,  irat  i is  in 
the  uncontrolled  traffic  pattern  that  ai*i*  er.tri'mely  olose. 


F Ina I Approach  Trajectories 

Final  approach  trajectories*  general  1*.  .>iderahle  variation 

from  stabilized,  steady  flight  paths.  Tri  Ks  u)  the  final  approach 
trajectories  for  the  high--wing  airplane  at  e long,  runway  are  presented 
in  figure  15.  Included  in  the  figun*  are  the  raedian  and  he  5-  to  95- 
percentile  spread  of  the  data  for  the  height  of  the  airplane  at  the 
threshold  and  the  t<»uchdown  distatu  e t rom  the  threshold.  For  reference* 

3 and  6 lopes  passing  thn)ugh  the  median  lielghl  at  the  threshole  are 
Included. 

For  both  airplanes  at  botli  runways  Lite  average  flight  path  angle 
ranged  trom  4.7  at  the  lung  rtmway  to  h.l^  at  the  sliort  runway  with 
individual  flight  paths  rangju);  f nmi  I to  14  ilnring  portions  of  the 
approaches.  The  average  flight  path  angle  was  apprt>x  imat  e 1 y I steeper 
at  the  short  runwav  than  at  the  long,  runway. 

The  median  height  at  the  threshold  was  hnvc'r  for  the  low--wing  airplane 
than  for  the  high-wing  airplane  at  both  nmways.  However*  both  airplanes 
were  brought  in  lower  the  threslmld  at  tin  shot  t nmwav  than  the 

long  runway*  even  though  the  average  fl  iglit  path  angle  was  approximately 
1 steeper. 

The  median  l uuchdown  distance  was  in  direct  relation  li^  the  median 
height  of  the  ’Respective  airplanes  at  the  llireshold.  That  is*  t.u»  lowt*r 
the  median  height  at  tlu»  tlireshold  the  ch>ser  the  tm»dian  touchdown  was  to 
the  threshold.  The  median  touchdown  distance  for  both  airphines  at  both 
runways  was  within  the  first  third  of  the  runway*  hut  well  hevoml  the 
runway  designation  numbers  just  past  the  threshold.  The  nudian  touchdov^;n 
for  both  airplanes  at  both  rumcavs  ranga'd  from  10  perctiil  to  In  pt'rci*nt 
of  the  runway  Umg,  th. 
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Final  Approach  Airspeed 


The  average  final  approach  airspeed  and  the  average  flap  deflection 
measured  at  5-sec.ond  intervals  for  the  60-second  period  prior  to  touchdown 
are  presented  in  figure  16  for  the  hlgh-wlng  airplane  at  both  runways. 

Also  Included  in  the  figure  are  reference  approach  speeds  and  the  measured 
stall  speeds  of  the  airplane  at  the  nominal  test  weight.  The  reference 
approach  speeds  are  interpolated  values  of  the  manufacturer's  recommended 
approach  speeds  using  the  average  flap  deflection  at  each  time  period. 

In  general,  the  pilots  flew  the  final  approach  with  an  average  speed 
considerably  faster  than  the  reference  speed.  In  fact,  the  average 
approach  speeds  were  more  than  5 knots  in  excess  of  the  reference  speeds 
until  within  15  seconds  or  less  of  the  touchdown,  as  indicated  by  the 
solid  symbols  in  figure  16.  The  exception  to  this  result  was  the  low- 
wing  airplane  at  the  short  runway  in  which  case  the  average  speed  was 
only  slightly  in  excess  of  the  reference  speed  for  the  final  40  seconds 
prior  to  touchdown. 

Another  point  of  Interest  shown  by  the  data  is  that  the  final  approach 
speeds  at  the  short  runway  were  slower  than  those  at  the  long  runway  for 
both  airplanes.  This  correlates  directly  with  the  larger  average  flap 
deflection  used  at  the  short  runway.  However,  the  reduction  in  average 
approach  speed  (6  to  12  knots)  aaa  much  greater  than  the  difference  in 
the  reference  approach  speeds  (1  to  2 knots).  This  difference  would 
Indicate  that  the  pilots  were  concerned  about  the  runway  length  and  were 
paying  closer  attention  to  airspeed  during  the  approaches  to  the  short 
runway  to  assure  landings  with  a comfortable  margin  between  the  stopping 
point  and  the  end  of  the  runway.  Based  on  the  manufacturer's  published 
landing  distances  for  the  airplanes,  the  designated  short  runway  was  not, 
in  fact,  a "short  runway"  requiring  maximum  performance  from  either 
airplane  or  pilot  to  achieve  a normal  landing  in  the  available  distance. 


Touchdown  Airspeed 

Cumulative  distribution  of  airspeed  at  touchdown  for  the  high-wing 
airplane  at  both  runways  is  presented  in  figure  17.  Included  in  the 
figure  are  the  measured  stall  speeds  of  the  airplane  at  the  nominal  test 
weight  and  the  reference  approach  speeds  based  on  the  flap  settings  for 
the  last  10  seconds  of  the  approaches. 

The  data  generally  show  that  the  pilots  landed  the  airplane  with 
speeds  considerably  in  excess  or  tne  stall  airspeed;  this  is  most  probably 
a direct  result  of  the  excessi-i  ■•Irspeed  used  during  the  final  approach. 
The  median  touchdown  speed  rangeo  <^rom  13  percent  to  48  percent  above  the 
measured  flaps-up  stall  speed,  and  less  than  6 percent  of  the  landings 
were  within  the  stall  speed  range.  Except  for  the  low-wing  airplane  at 
the  short  runway,  a rather  high  percentage  of  the  landings  were  made  in 
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excess  of  the  reference  approach  speeds.  The  touchdovm  speeds  at  the 
short  runway  were  significantly  less  than  those  at  the  long  runway  by 
approximately  the  same  amount  as  the  difference  In  the  final  approach 
speeds  between  runways. 


Touchdown  Pitch  Attitude 

Associated  with  the  high  touchdown  speeds  were  pitch  attitudes  that 
were  relatively  flat  for  both  airplanes  at  both  runways.  The  cumulative 
distributions  of  pitch  attitude  at  touchdown  for  the  high-wing  airplane 
are  presented  in  figure  18.  Included  in  the  figure  is  a line  indicating 
the  in-*f light  three— point  touchdown  attitude  which  separates  the  regions 
of  nose-wheel  and  main-wheel  landing  attitudes.  In  general,  the  touchdown 
pitch  attitudes  show  little  to  no  difference  with  respect  to  runways. 

The  data  show  that  the  pitch  attitudes  at  touchdown  were  relatively 
flat  for  both  airplanes  at  both  runways.  The  median  touchdown  attitude 
ranged  from  only  l.A°  to  2,6°  above  the  three-point  attitude  (pitch-up). 

A significant  percentage  of  the  landings  was  made  in  which  the  nose  whee 
contacted  the  runway  before  the  main  wheels.  Approximately  12  percent  o 
the  landings  were  nose  wheel  first,  except  for  the  low-wing  airplane  at 
the  short  runway  where  the  percentage  was  22  percent.  Nose-wheel  landings 
are  almost  invariably  a direct  result  of  allowing  an  airplane  to  touch 
down  with  an  excessively  high  airspeed  and  certainly  present  the  potential 
for  a landing  accident  due  to  nose  wheel  collapse,  porpoising  of  airplane, 
or  unstable  airplane  motions  referred  to  as  wheel-barrowing . 


Mid-Air  Collision  Simulation 


Using  the  approach  data  presented  in  this  paper  a math  model  capable 
of  simulating  uncontrolled  air  traffic  patterns  has  been  developed.  MAC 
simulations  which  duplicate  the  existing  environment  can  provide  a baseline 
for  evaluating  the  effect  of  changing  the  uncontrolled  pattern  concept  or 
the  effect  or  improvements  in  general  aviation  piloting  procedure.  The 
technique  utilized  is  Illustrated  in  figure  19  which  shows  the  position 
time  histories  of  two  airplanes  in  a typical  approach  procedure  that  are 
time  normalized  to  have  a MAC  on  final  approach.  The  view  angle  from 
both  airplanes  to  the  other  was  computed  based  on  their  heading,  bank 
angle,  and  relative  positions.  A time  history  of  this  data  is  plotted  on 
the  view  envelope  of  each  airplane,  figure  20,  and  the  percent  of  time 
each  airplane  is  visible  to  the  other  pilot  determined,  reference  10. 

The  result,  figure  21,  Illustrates  the  cumulative  percent  of  time  each 
pilot  had  to  detect  the  other  from  a separation  distance  of  approximately 
3 n.  mi.  The  case  shown  is  representative  of  normal  general  aviation 
approaches,  yet,  neither  pilot  could  have  seen  the  <jther  airplane  approxi- 
mately 65  percent  of  his  approach  time.  Using  this  technique  the  cumulative 
probability  of  a MAC  can  be  estimated  by  Including  the  probability  of 
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each  pilot  looking  and  the  probability  of  seeing  when  he  looks  as  a 
function  of  the  separation  distance.  By  simulating  thousands  of  such 
MAC* 8 in  this  manner  and  defining  the  baseline  for  the  existing  uncontrolled 
traffic  pattern  environment,  the  relative  improvements  that  may  be  achieved 
through  changes  in  piloting  procedure  or  by  new  pattern  concepts  can  be 
detexnnined.  Typical  pattern  concepts  under  consideration  are  shown  in 
figure  22.  General  aviation  pilots  have  indicated,  reference  8,  that 
approximately  44  percent  preferred  the  standard  left-hand  pattern  and  30 
percent  preferred  the  proposed  pattern  shown. 


Systems  Studies 

The  uncontrolled  air  traffic  studies  indicate  that  new  piloting 
and/or  pattern  concepts  may  not  adequately  reduce  the  MAC  hazard  at  high 
density  uncontrolled  airports.  Based  on  the  ^raffle  characteristics 
observed  a systems  definition  study  is  in  progress  to  determine  the 
feasibility  of  a low-cost  Automated  Pilot  Advisory  System  (PAS) , re- 
ference 11,  for  high  density,  uncontrolled  airports.  The  system  concept, 
figure  23,  under  evaluation  would  utilize  a small  skin  tracking  radar, 
microprocessors,  weather  sensors,  and  a VHP  transmitter.  The  system 
functions  identified  for  evaluation  are: 

1.  Broadcast  an  airport  advisory  voice  message  once  every  two 
minutes  which  specifies  the  active  runway,  surface  winds, 
barometric  pressure,  and  temperature. 

2.  Broadcast  an  air  traffic  advisory  voice  message  every  two 
minutes  which  specifies  the  location  of  all  traffic  within  3 n. 
mi.  of  the  airport. 

3.  Broadcast  a mid-air  collision  advisory  voice  message  whenever 
two  airplanes  exceed  a 15-second  Modified  Tau  Criteria,  re- 
ference 12. 

4.  Provide  the  FBO  with  runway  select  and  override  functions  and 
the  capability  to  record  limited  cautionary  messages  to  be 
included  in  airport  advisory  message. 

5.  Provide  for  remote  access  of  system  Information,  via  telephone. 

Pulse,  pulse-doppler,  and  doppler  radar  systems  are  under  evaluation 
for  this  application.  Low-cost  X-band  radars  which  appear  suitable  for 
this  application  are  readily  available  as  marine  and  airborne  weather 
radars. 

The  computer  would  provide  the  essential  system  logic  and  control 
functions.  These  Include  radar  data  processing,  clutter  rejection, 
track-while-scan,  weather  data  processing,  logic  and  generation  of  pre- 
stored advisory  word  message  formats,  power  failure  auto-rostart  function. 
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FBO  control  functions  and  system  self  checks, 

Wlienever  the  various  computer  logic  conditions  are  met,  a voice 
message  In  a standard  word  sequence  would  be  generated.  Computer  software 
will  interlace  proper  key  words  Into  the  standard  format  to  complete  the 
advisory  message.  Pre-recorded  digital  message  sequences  and  vocoder 
voice  sythesls  techniques  are  under  evaluation  for  this  system.  Typical 
message  sequences  with  underlined  key  words  follow: 

AIRPORT  ADVISORY  - HYDE  - ACTIVE  RUNWAY  - THREE-ONE  - RIGHT  HAND  PATTERN  - 
WIND  - TWO-ONE-FIVE  AT  SIX  KNOTS  - ALTIMETER  THREE  ZERO  POINT  ZERO  FOUR  - 
TEMPERATURE  IS  TEN  DEGREES. 


or 

- TRAFFIC  ADVISORY  - HYDE  - AIRCRAFT  AWAITING  DEPARTURE  - AIRCRAFT  ON 

FINAL  - TWO  AIRCRAFT  DOVWWIND  - ARRIVING  AIRCRAFT  THREE  MILES  - NORTHEAST  

DEPARTING  AIRCRAFT  ONE  MILE  SOUTHEAST. 

An  experimental  PAS  will  be  configured  to  evaluate  the  various 
system  performance  options,  message  formats,  and  pilot  reaction  to  system 
utility. 


CONCLUING  REMARKS 

The  characteristics  of  general  aviation  piloting  procedures  during 
approach  and  landing  have  been  documented.  Data  presented  illustrate  the 
variability  with  which  the  uncontrolled  air  traffic  patterns,  and  the 
approach  and  landing  maneuvers  are  performed.  Results  confirm  that 
pattern  entry  location  and  procedure  are  often  inconsistent  with  the 
local  or  accepted  standard  pattern.  The  uncontrolled  traffic  pattern 
legs  are  up  *-o  1 n.  mi.  wide  for  typical  general  aviation  airports  and 
may  exceed  2 n.  mi.  in  width  in  environments  Including  high  performance 
twin-engine  airplanes.  Significant  variation  from  the  established  pattern 
altitude,  + 75  m (246  ft),  is  not  unusual.  At  airports  where  a crosswind 
pattern  leg  is  utilized,  specific  procedures  are  needed  for  arrival  and 
touch-and-go  traffic.  Departure  traffic  should  abide  by  the  recommendations 
of  FAi\  Advisory  Circular  AC  No.  90-66.  Systems  to  prevent  MAC  at  high 
density  uncontrolled  airports  must  cope  with  very  low  and  high  closure 
rates  and  normal  VFR  traffic  separation  distances  of  0.1  n.  mi.  or  less. 


The  average  final  approach  airspeeds  were  generally  higher  than 
recommended  which  produced  significant  floating  during  the  landing  flare, 
average  touchdown  speeds  well  above  airplane  stall  speed  and  landing 
pitch  attitudes  that  were  generally  flat  or  nose- low.  On  the  average, 
pilots  used  higher  flap  deployment  angles,  steeper  approaches,  less  speed 
and  achieved  landings  closer  to  threshold  on  the  short  runway  when 
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compared  to  the  long  runway  approaches. 


The  time  available  for  pilots  to  see-and-avold  a MAC  with  other 
airplanes  In  the  uncontrolled  pattern  environment  may  be  relatively 
short.  Manuevers  and  vision  view  field  restrictions  create  this  situation; 
however*  the  ability  to  detect  other  airplanes  at  greater  than  1 n.  ml.* 
the  percentage  of  time  pilots  spend  looking  for  other  airplanes*  and 
rapid  closure  rates  often  Involved  are  factors  which  Increase  the  MAC 
hazard.  The  Pilot  Advisory  Syston  concept  may  provide  pilots  with  greater 
ability  to  locate  and  avoid  conflicting  traffic*  If  low-cost  system 
feasibility  Is  demonstrated. 
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Figure  3.-  Ground  tracking  system 
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Figure  7.-  Traffic  pattern  leg  distance  distribution 
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Figure  8.-  Cumulative  distribution  of  pattern  leg  distance 


(a)  Downwind  leg. 


(b)  Base  leg. 

Figure  9.-  Cumulative  distribution  of  pattern  leg  altitude 


AltitMOt 


(c)  Final  leg. 
Figure  9.-  Concluded. 


(a)  Mean  distance. 
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Figure  11.-  Comparison  of  mean  distance  and  altitude  by  type  of  aircraft  at  SBY 
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Figure  15.-  Final  approach  trajectories  for  high-wlng 
airplane  on  long  runway. 
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Figure  17.-  Cumulative  distribution  of  airspeed  at  touchdovm 

for  high-wing  airplane. 
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Figure  18.-  Cumulative  distribution  of  pitch  attitude  at 
touchdown  for  high-wing  airplane. 


Figure  21.-  Separation  distance  and  cumulative  percent  of  time 
visible  as  a function  of  time  to  MAC. 
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Figure  22*-  Uncontrolled  air  traffic  pattern  concepts* 
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SUMMARY 


/ 


A joint  NASA/university/industry  program  was  conducted  to  flight  evaluate  a 
potentially  low  cost  separate  surface  implementation  of  attitude  command  in  a 
Beech  99  airplane.  Saturation  of  the  separate  siTrfaces  was  the  prima^  cause  of 
many  problems  during  development.  Six  experienced  professional  pilots  made 
simulated  instrument  flight  evaluations  in  light-to-moderate 

favorably  impressed  with  the  system , parncula»*’  -r  with  the  elimination  of  the  con^l 
force  transients  that  accompanied  confix; aration  changes.  For  ride  quality,  quan  - 
tative  data  showed  that  the  attitude  command  control  system  resulted  in  all  cases  of 
airplane  motion  being  removed  fro^  the  uncomfortable  ride  region. 


INTRODUCTION 


One  of  the  problems  associated  with  general  aviation  is  the  large  number  of 
accidents  due  to  pilot  error . Improvements  in  airplane  handling  qualities  in  the 
presence  of  turbulence  and  a reduction  in  pilot  workload  would  tend  to  reduce  pilot 
error  and  improve  flight  safety . 

Past  studies  at  the  Dryden  Flight  Research  Center  have  shown  that  an  attitude 
command  control  system  could  provide  these  improvements  in  ,. 

aircraft  (refs . 1 to  3) . Attitude  command  is  a control  concept  in  wmeh  the  pilot  s 
control  wheel  position  controls  the  attitude  of  the  aircraft.  This  differs  ^om  the 
conventional  control  system,  in  which  the  pilot’s  control  wheel  deflection  <^a«8es  a 
rate  of  change  of  attitude-,  the  pilot  must  neutralize  his  controls  to 
from  changing.  When  the  control  wheel  position  is  neutral,  the  aircraft  could  be  in 
an  infinite  number  of  different  attitudes.  With  attitude  command,  "^“J**®* 

control  wheel  position  results  in  only  one  attitude,  straight  and  level;  and  any  con 
trol  wheel  deflection  results  in  a new  airplane  attitude . 
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In  the  meantime , the  Univoraity  of  Konsns  has  been  studying  the  application  of 
separate  surfaces  for  p^enoral  aviation  (refs.  4 to  6) . The  use  of  separate  surfaces 
to  achieve  attitude  command  appears  to  be  logical  in  that  its  cost  is  low . it  meets 
flight  safety  requirements,  and  it  is  easy  to  install  in  existing  airplanes. 
Consequently , a grant  was  awarded  to  the  University  of  Kansas  to  study  the  feasibil- 
ity of  and  designs  for  attitude  command  using  separate  surfaces  (ref.  7) . Improve- 
ments In  handling  and  ride  qualities  in  commuter  airline  operations  would  provide 
an  economic  advantage,  and  a Beechcraft  Model  99  airplane  was  chosen  because  it 
was  representative  of  commuter  airline  transports.  The  University  was  eventually 
awarded  a contract  to  design,  fabricate,  install,  and  flight  test  a separate  surface 
system  on  this  airplane . Much  of  this  work  is  reported  in  references  8 to  11.  The 
Beech  Aircraft  Corporation  and  The  Boeing  Company,  Wichita  Division,  also  partic- 
ipated in  the  program . 
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SYMBOLS  AND  ABBREVIATIONS 

pilot-applied  control  wheel  force,  newtons  (pounds) 

instrument  flight  rules 

instrument  landing  system 

gain  constant 

knots  indicated  airspeed 

roll  rate , degrees  per  «;ocond 

pitch  rate , degrees  per  second 

yaw  rate,  degrees  per  second 

root  mean  square 

Laplace  operator  function 

turbulence- intensity  measurement  system 

time,  seconds 

sideslip . degrees 

control  surface  deflection , degrees 

pitch  attitude , degrees 

pitch  rate,  degrees  per  second 
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time  oonfltont.  ncconds 

roll  attitude , degrees 

roll  rate , degrees  per  second 

heading  attitude . degrees 

increment  of  heading  change . degrees 


primary  aileron  (right) 
separate  surface  aileron  (right) 
primary  elevator 
separate  surface  elevator 
wing  flap 

horizontal  stabilizer 
primary  rudder 
separate  surface  rudder 


PROGRAM  OBJECTIVES 


The  program  objectives  were  to  perform  a flight  evaluation  of  the  operational 
characteristics  and  performance  of  a potentially  low  cost  separate  surface  implemen- 
tation of  attitude  command  on  a Beech  99  airplane  and  to  provide  the  general  aviation 
industry  with  a first  hand  evaluation  of  the  control  concept  by  allowing  their  partic- 
ipation . 

SYSTEM  DESCRIPTION 


Aircraft 

Figure  1 is  a three-view  drawing  of  the  Beech  99  aircraft  with  separate  control 
surfaces.  The  aircraft  is  a twin-engine,  turboprop,  17-ploco  commuter  airliner. 

It  has  a wingspan  of  14  meters  (46  feet) , a Icnj^h  of  13.7  meters  (45  feet) , and  a 
maximum  gross  weight  of  4716  kilograms  (10,400  pounds) . It  has  a maximum  cruise 
of  244  knots  at  4877  meters  (16,000  feet)  and  a service  ceiling  of  approximately 
8534  meters  (28,000  feet) . Its  approach  speed  is  96  knots,  and  It  i.s  capable  of 
operating  off  a 914-meter  (3000-foot)  runway . 
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Tho  fliffht  control  syntcm  morUrit  MtionH  <‘onsip4  of  H»><'tri<*ally  intcrconnotMccI 
components  nnd  Include  n pyro  p(ickii|f«',  a m innfp  mi  til  i'ontrol  panel,  .an 
operator's  console,  and  oloctromeehani<’a!  aeliiatorfi.  which  drive  small  separate 

control  surfaces. 

The  gyro  package  consists  ol  a vi'i*ti<  al  directional  gyro,  and  three  rate 

gyros:  and  it  is  mounted  In  the  proximity  of  tlic  center  ot  gravity  «if  the  airplane. 

The  management  and  control  panel  (fig.  2)  contains  switches,  lights,  surface* 
position  indicators,  and  potentiometers:  it  is  installisl  iti  titc  copilot's  instrument 

panel . 

The  operator's  console  contains  all  the  electronics  for  control  law  computations, 
gain  adjustment,  servo  amplifiers,  ground  ti>sts.  and  pow(>r  supplies.  The  unit  is 
installed  in  the  main  cabin . 

The  control  actuators  arc  of  the  idcctromechanical  screw  Jack  type.  They 
require  28  volts  dc  and  produce  approximately  181  kilograms  (400  pounds)  of  linear 
force  at  a maximum  current  of  approximately  10  ampci’cs.  The  frequency  response 
of  the  actuators  is  approximately  1 .5  hertz.  They  are  located  in  the  wings  nnd  tail 
with  the  separate  control  surfaces . 


Separate  Control  Surfaces 

The  separate  control  surfaces  for  attitude  command  arc  obtained  by  the  dichot- 
omy of  the  primary  control  surf.aces.  In  sizing  the  separate  surfaces,  consideration 
was  given  to  static  control  nnd  the  avoidance  of  saturation . The  sizes  calculated 
met  the  military  and  civil  aircraft  performance  standards  (MIL-F-8785C  and  FAR 
Part  23,  respectively)  for  failed  hardover  conditions.  In  the  roll  axis,  39  percent 
of  the  total  roll  control  power  is  provided  by  tho  separate  surface  ailerons:  in  the 
pitch  axis,  25  percent  of  the  total  pitch  control  power  is  provided  by  the  separate 
surface  elevators:  and  in  the  yaw  axis,  27  percent  of  tho  tota!  yaw  control  power  is 
provided  by  the  separate  surface  rudder . 


System  Operational  Modes 

Three  modes  of  system  operation  are  provided:  off.  slave,  and  command.  A 
control  panel  in  tho  copilot's  instrument  panel  allows  the  pilot  to  select  one  of  those 
control  modes  and  the  control  loops  in  the  command  inode. 

In  the  off  mode,  the  separate  surfaces  are  deenergized,  and  tho  aircraft  flics 
with  approximately  two-thirds  of  its  original  control  power . 

In  the  slave  mode,  the  separate  .surfaces  are  electronically  sieved  to  and  oper- 
ate in  unison  with  tho  primary  control  surfaces:  thus,  the  basic  Beech  99  configura- 
tion is  restored . 
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In  tho  conunnnd  mocloi  nil  throo  nxon  cnn  bo  oporntocl  indlvidunlly  or  in  cofnbinfl" 
tlon:  however,  nil  tontn  wore  oombinod-nxin  tontn.  The  nopnrnte  Hurfnoen  hold  tho 
nirernft  In  tho  nttitude  oommnndod  by  tho  ponition  of  the  pllot'n  control  wheel  In  tho 
pitch,  roll,  nnd  ynw  nxon.  HondinR  ip  mnlntnlnod  by  n comblnntion  of  roll  nnd  ynw 
hondlnjf  hold  control  loops.  Ynw-dnmpor-only  oporntlon  in  nvnilnhlo  in  tho  ynw  nxin. 

Tho  nyHtom  is  dosl^nod  to  opornto  nt  tho  nppronch  nnd  cruise  flight  conditions. 

Pitch  axis.~A  block  diajfrnm  of  the  pitch  axis  is  shown  in  finuro  3(n).  Tho 
pilot  controls  tho  primary  surfneo  throutjh  tho  mc'chunicnl  control  'j>stom  nnd  has  nn 
electric  trim  system  to  position  the  horlzontnl  stnbilizcr. 

In  the  slave  mode,  the  primary  surface  position,  throu(;Ii  tho  appropriate  slave 
^ain , is  used  to  position  the  separate  surface;  thus , tho  separate  surface  operates 
in  unison  with  the  primary  surface . 

In  the  command  mode , when  tho  pilot  commands  n pitch  nttitude  through  tho 
control  column , the  primary  surface  position  is  fed  bock  through  the  appropriate 
gain  and  compared  with  tho  actual  pitch  nttitude . The  difference  between  commanded 
and  actual  attitudes  is  filtered  and  drives  the  separate  surface  to  reduce  the  differ- 
ence to  zero  by  changing  the  actual  attitude  of  tho  aircraft.  Thus,  tho  attitude  of  the 
aircraft  becomes  proportional  to  control  column  displacement. 

The  separate  surface  has  a streamline  position  detector  which  moves  the  horizon- 
tal stabilizer  through  the  autotrim  system  to  keep  tho  separate  surface  at  a near  zero 
position . 

Roll  axis. -A  block  diagram  of  the  roll  axis  is  shown  in  figure  3(b) . It  functions 
like  the  pitch  axis  except  that  it  is  coupled  with  the  yaw  axis . In  the  command  and 
heading  hold  modes,  and  when  zero  bank  is  commanded,  the  yaw  axis  heading  is 
locked.  When  the  pilot  applies  an  aileron  wheel  force  to  roll,  the  yaw  axis  unlocks 
to  permit  aircraft  maneuvering . 

Vaw  axis.— A block  diagram  of  the  yaw  axis  is  shown  in  figure  3(c) . In  the 
command,  yaw  damper,  and  heading  hold  modes,  heading  and  heading  rate  ore  fed 
back  to  the  separate  surface  to  keep  the  aircraft  on  the  heading  sensed  by  tb? 
directional  gyro.  As  explained  above,  the  yaw  axis  automatically  unlocks  when  the 
pilot  maneuvers  the  aircraft  for  heading  changes  and  looks  when  a new  heading  is 
established.  The  pilot  cnn  select  yaw -damper-only  operation,  which  manually 
unlocks  the  yaw  axis  by  opening  the  heading  feedback  loop . 


INSTRUMENTATION 


A pulse  code  modulation  digital  data  tape  instrumentation  system  was  installed  in 
the  airoraft  to  allow  tho  debugging  of  the  system , the  optimization  of  system  perform- 
ance, and  the  acquisition  of  quantitative  data  from  tho  (light  tost  program . Seventy- 
seven  channels  at  200  samples  per  second  aro  a.vailablo  for  recording  airoraft  and 
system  parameters . 
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A turbulonco-intonsily  moasurlng  system  (TIMS)  (rof.  12)  was  installed  in  the 
airplane  to  record  the  atmosphorio  gust  velocity  encountered  during  flight. 

Figure  4 shows  the  mechanisation  of  the  turbulence-intensity  measurement 
system,  A pitot-static  probe  and  a differential  pressure  transducer  measure  the 
longitudinal  pressure  fluctuations  in  front  of  the  airplane.  A bandpass  filter  attenu- 
ates deviations  above  20  hertz  and  below  6 hertz  to  exclude  unwanted  high-frequency 
n use  and  low-frequency  airplane  response  to  turbulence  and  control  inputs.  The 
signal  is  then  integrated  in  the  computer  and  recorded  in  the  data  system . The 
computer  also  compensates  for  variations  in  the  signal  due  to  airplane  velocity . 

The  recorded  signal  is  directly  proportional  to  the  shaded  area  in  the  turbulence 
power  spectrum  in  figure  4.  The  power  spectrum  shown  represents  the  standard 
format  for  quantitative  turbulence  measurements.  This  format  is  the  result  of  exten- 
sive turbulence  research  which  showed  empirically  that  the  log-log  plot  of  the  gust- 
velocity  power  spectrum  is  linear  and  has  a constant  and  repeatable  slope  through- 
out the  wavelength  range  from  3 meters  (10  feet)  to  3048  meters  (10,000  feet) . 
Therefore , changes  in  turbulence  intensity  change  the  magnitude  of  the  spectrum 
but  not  its  slope . The  invariance  of  the  slope  is  illustrated  in  the  figure  by  the 
levels  of  light-to-moderate  and  moderate-plus  turbulence  spectra.  Therefore,  the 
shaded  area  varies  directly  with  the  level  of  turbulence  intensity.  This  area  is  also 
directly  proportional  to  the  root-mean-squarod  value  of  the  gust  velocity , which  is 
equal  to  the  magnitude  of  the  area  under  the  entire  power  spectral  curve. 


DEVELOPMENTAL  PROBLEMS 


As  with  most  flight  programs,  problems  were  encountered  with  the  system 
during  the  initial  phases  of  flight.  Some  of  these  developmental  problems,  which 
may  be  unique  to  this  system,  are  diseussed  below . 


Pitch  Trim  Overshoot 

When  the  pilot  commanded  a now  pitch  attitude  with  a trim  input , the  aircraft 
overshot  the  commanded  attitude  and  then  gradually  returned  to  it . The  problem 
was  duplicated  on  the  University  of  Kansas  simulator,  and,  us  shown  in  figure  5, 
the  separate  surface  was  saturated,  allowing  the  pitch  attitude  to  overshoot.  The 
problem  is  the  result  of  differences  in  aircraft  responses  from  separate  surface 
inputs  and  trim  inputs.  The  pitch  trim  overshoot  was  eliminated  by  adjusting  the 
command  gain  to  the  separate  control  surfaces,  as  shown  in  figure  6. 


Hank  Angle  Overshoot 

Figure  7 is  a time  history  .showing  a step  input  of  5.6®  primary  aileron  for  a 12® 
bank  angle,  and  a resulting  5®  bank  angle  overshoot.  Immediately  before  the  bank 
angle  overshoot,  the  separate  surface  .aileron  saturates  (it  has  a 14°  limit),  and  an 
overshoot  ratio  of  42  percent  re.sults.  The  forward  loop  gain  is  15. 
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The  overshoot  ratio  is  a function  of  forward  loop  ifain  ‘ 

response  and  excessive  control  sensitivity . 

Heading  Hold  Operation 

Tho  system  was  originally  "'“hanls^  to 
pllot's  control  wheel  was  for  the  BeMh  S9  airplane 

tory  for  a Piper  airplane  (ref.  3) . ^ as  unsa^  ^ problem  was  resolved  by 

?^Sg  m?aiS"  " 

Wheel  that  was  activated  by  a very  small  wheel  force. 

Pitch  Changes  With  Configuration  Changes 

anriSg"«-?|u=e=^  '^SSS£Ss 

system  was  operating . 

TEST  PLAN  AND  PROCEDURES 

wre“Srr^Sl:r^hVul"”A^^^^^^^  given  a 1-hour  famillarisatton  flight  in 

the  basic  Beech  99  airplane . 

The  flight  test  pattern  for  the  qualitative  pUot  f «>«»«»"  *»*““"  ‘"Thf/ov”' 
The  vertical-S  maneuver  is  ^ f confi^^ttion  to  increase  the 

sXortToTSar^^^^ 

CeX;?e?ir  -P  -“P'P 

the  flights . 

sS-SSSS2“S“H^^^ 
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FLIGHT  TEST  RESULTS 


Aircraft  Response  Characteristics 

Roll  axis, ’-The  response  to  an  aileron  step  input  in  the  command  mode  is  shown 
in  figure  10.  The  separate  surface  aileron  starts  in  the  direction  of  the  primary 
aileron  and  opposes  it  when  the  desired  bank  is  reached;  thus , the  bank  angle 
becomes  proportional  to  the  pilot’s  control  deflection . 

Pitch  axis  .—The  response  to  an  elevator  step  input  in  the  command  mode  is 
shown  in  figure  11.  Again,  the  separate  surface  elevator  produces  a change  in  atti- 
tude proportional  to  the  pilot’s  control  deflection . 

The  control  force  transients  in  the  slave  mode  during  configuration  changes 
are  shown  in  table  I . The  elevator  wheel  forces  required  to  trim  are  high , and  can 
rise  as  high  as  311  newtons  (70  pounds)  during  a go-around  maneuver.  Depending 
on  the  duration  of  the  transient  forces , pilots  generally  oppose  the  forces  rather 
than  trim.  These  transient  forces,  and  the  accompanying  pitch  changes,  are 
eliminated  in  the  command  mode . The  flap  interrupt  modification  about  doubles  the 
normal  flap  retraction  time , and  figure  12  shows  a hands-off  vehicle  response  during 
a configuration  change. 

Yaw  axis.— The  most  significant  change  that  occurred  in  the  yaw  axis  with  the 
command  mode  is  the  yaw  damping  effect.  Figure  13  shows  the  response  of  the  air- 
craft to  a rudder  doublet  in  the  slave  mode . Dutch  roll  damping  is  low . Figure  14 
is  the  aircraft  response  in  command  mode  to  a rudder  doublet . Dutch  roll  damping 
is  improved. 


Pilot  Evaluations 

This  flight  test  program  is  oriented  towards  the  generation  of  pilot  opinions 
concerning  the  handling  and  ride  qualities  of  the  modified  Bc^ch  99  airplane.  The 
flight  pro^e  reflects  this  philosophy . The  maneuvers  are  designed  to  task  the  pilot 
to  enable  him  to  evaluate  the  changes  in  aircraft  dj  namics , although  the  profile 
does  not  depart  from  being  a realistic  IFR  mission.  Therefore,  the  pilots’  comments 
and  the  Cooper-Harper  pilot  ratings  constitute  the  most  important  results  of  the 
flight  tests . 

After  the  pilots  performed  the  mission  in  the  slave  and  command  modes , they 
were  debriefed.  The  following  discussion  gives  the  pilots’  consensus  of  opinion 
concerning  the  handling  qualities  of  the  test  airplane . 

The  pilots  were  favorably  impressed  with  the  elimination  of  the  control  force 
transients  that  accompanied  configuration  changes . They  seemed  to  like  the  pitch 
stabilization  provided  by  the  attitude  command  system:  however,  some  pilots  tended 
to  resist  adapting  to  the  system . Comments  characterizing  this  discussion  are  pre- 
sented in  table  II . 
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Holding  aileron  force  during  turns  was  annoying.  Most  pilots  stated  that  th^ 
did  not  like  using  the  aircraft's  manual  trim . Some  pilots  thought  that  a wheel- 
mounted  electric  trim  might  be  acceptable.  One  pilot  said  he  felt  that  it  was  unsafe 
to  trim  to  some  bank  angles . 

The  workload  was  greatly  reduced  by  the  command  mode»  especially  for  preci- 
sion maneuvers  like  localizer  and  glidepath  tracking.  The  improvement  was  even 
more  pronounced  in  turbulence. 

Most  pilots  agreed  that  with  the  attitude  command  system  on , the  ride  qualities 
and  turbulence  response  of  the  aircraft  were  substantially  improved . Commmits 
regarding  ride  qualities  are  presen'  in  table  III . 


Pilot  Ratings 

The  nonresearch  pilots  had  not  used  the  Cooper-Harper  rating  scale  before. 
Perhaps  as  a consequence  of  this , their  ratings  did  not  indicate  much  improvement 
when  the  attitude  command  system  was  on;  however,  their  unrecorded  commoits 
and  enthusiasm  after  flying  with  the  system  indicated  that  the  airplane  flew  better 
than  they  had  expected , and  that  they  were  pleased  with  the  operation  of  the  system . 

The  pilot  ratings  generated  from  the  flight  profile  as  a function  of  turbulence 
are  presented  in  figure  15 . The  TIMS  output  in  rms  volts  is  correlated  with  the 
pilot  assessment  of  the  turbulence  level  in  the  slave  mode.  In  the  command  mode, 
the  pilot  rating  shows  an  improvement  of  at  least  0 . 5 over  the  airplane  in  the  slave 
mode.  The  mean  improvement  in  pilot  rating  is  between  1.25  and  1.50. 

The  instrument  appi*oach  is  the  most  demanding  of  all  the  piloting  tasks . A 
measure  of  pilot  workload  for  this  task  is  shown  in  terms  of  aileron  activity  in 
figure  16.  There  is  substantially  less  aileron  activity  in  the  command  mode. 

Figure  17  shows  the  standard  deviation  in  heading  versus  turbulence.  Although 
the  figure  shows  no  significant  improvement  in  performance,  the  pilots  felt  that 
their  performance  was  improved . 


Ride  Qualities 

The  precision  heading  task  is  typical  of  enroute  flight  of  commuter  airliners. 
Atmospheric  turbulence  during  these  evaluations  was  light  to  moderate.  The  verti- 
cal and  transverse  accelerations  of  the  aircraft  are  shown  in  figure  18 . The  solid 
symbols  represent  the  averages  of  six  flights . In  terms  of  percentages , the  data 
show  an  18.5-percent  reduction  in  vertical  acceleration  and  a 32.2-percent  reduc- 
tion in  transverse  acceleration  when  the  system  is  in  the  command  mode . 

The  effects  of  t'titude  command  on  passenger  comfort  are  also  apparent  in 
figure  18.  Boundaries  of  passenger  comfort  were  extracted  from  studies  of  passen- 
ger ride  quality  determined  from  commercial  airline  flights  in  which  a Beech  99  air- 
plane was  one  of  several  aircraft  used  (ref.  14) . Passenger  comfort  responses  in 
light-to-moderate  turbulence  are  generally  borderline  to  uncomfortable  when  the 


airplane  is  in  the  slave  mode . In  all  cases , putting  the  airplane  in  the  command 
mode  removes  it  from  the  uncomfortable  region . 


CONCLUDING  REMARKS 


Flight  testing  the  Beeeh  99  airplane  demonstrated  that  the  use  of  separate 
surface  controls  is  practical  for  general  aviation  and  that  the  use  of  small  separate 
surfaces  is  effective  in  controlling  the  response  of  the  airplane . Because  the  sepa- 
rate surfaces  were  small » they  were  easily  saturated;  but  the  saturation  problems 
could  always  be  resolved . Improvements  in  the  handling  qualities  and  the  ride 
qualities  of  the  Beech  99  aircraft  were  demonstrated  in  flight  tests , 
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TAHLK  I.  - (’ONTROI.  rOIlCi:  TRANSIENTS 
1120  KIAS.  clean  configuration.  1524  meter  (5000-foot)  altitude, 


slavo  modo) 

Configuration 

change 

Elevator  wheel  force  required 
to  maintain  attitude , 

N (lb)  (push) 

Gear  down 

33  (7.S) 

Flaps  down 

222  (50.0) 

Half  to  full  power 

80  (18.0) 

TABLE  II . -HANDLING  QUALITIES  COMMENTS 


Pitch  attitude  command: 

1 liked  the  decoupling  effect  of  being  able  to  control  the 
glide  slope  and  the  rate  of  descent  with  the  pilot  trim  and  the 
speed  with  power . 

Glide  slope  was  more  positive  with  the  system  on . 

Pitch  attitude  command  is  probably  the  biggest  improvement 
that  1 see  in  that  the  attitude  tends  to  be  locked  in . 

Not  much  change  in  the  pitch  axis  except  for  the  gear  and 
flap  transients . 

Missed  approach  much  easier,  aircraft  well  controlled. 

When  the  go  around  was  executed , I was  forced  to  establish 
a climb  attitude . The  basic  aircraft  would  naturally  pitch  up 
with  acceleration. 


Roll  attitude  commami: 

The  workload  is  much  lower,  especially  in  the  roll  axis;  1 
felt  much  more  confident  of  my  ability  to  perform  the  mission. 

The  localizer  was  easier  to  maintain  . 


Heading  hold: 

The  basic  aircraft  wallows  around . It  is  difficult  to  hold 
heading.  The  aileron  forces  are  high . When  you  turn  your 
system  on,  it  relieves  the  pilot  workloa<l,  particularly  when 
maintaining  heading  in  turbuh>ne»> . If  turbulence  knocks  you 
off  Ithe  heading)  . the  system  brings  you  back  to  it. 

Initially  1 was  fighting  the  heading  hold  system:  I waan't 
turning  loose*  and  letting  it  settle  down*  I found  out  later  if  1 
flew  almost  hands  off.  heading  hohl  was  pretty  good. 
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Figure  4.-  Turbulencf-intensity  measurement  system. 
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Figure  9.-  Qualitative  flight  profile. 
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A REVIKW  OF  SUPKHSONIC:  CRdlSK  FUOIIT  PATH  CONTROI. 

EXPERIENCE  WITH  THE  YF-12  AIRCRAFT 

Donald  T.  Rorry  and  Glonn  H.  Oilyard 
NASA  Drydon  Flight  Hosoareh  Contor 


SUMMARY 


Flight  research  with  the  YF-12  aircraft  indicates  that  solutions  to  many  handling 
qualities  problems  of  supersonic  cruise  are  at  hand.  Airframe/propulsion  system 
interactions  in  the  Dutch  roll  mode  can  be  alleviated  by  the  use  of  passive  filters  or 
additional  feedback  loops  in  the  propulsion  and  flight  control  systems.  Mach  and 
altitude  excursions  due  to  atmospheric  temperature  fluctuations  can  be  minimized 
by  the  use  of  a cruise  autothrottle . Autopilot  instabilities  in  the  altitiide  hold  mode 
have  been  traced  to  angle  of  attack-  sensitive  static  ports  on  the  compensated  nose 
boom.  For  the  YF-12,  the  feedback  of  high-passed  pitch  rate  to  the  autopilot 
resolves  this  problem.  Manual  flight  path  control  is  significantly  improved  by  the 
use  of  an  inertial  rate  of  climb  display  in  the  cockpit . 


INTRODUCTION 


At  the  1971  operating  problems  conference  (ref.  1) . some  handling  qualities 
problems  of  high  altitude,  supersonic  cruise  aircraft  were  discussed.  An  area  of 
primary  concern  was  longitudinal  and  lateral-directional  flight  path  control. 
Longitudinal  flight  path  control  problems  manifest  themselves  as  altitude  or  Mach 
excursions,  or  both,  that  occur  in  an  apparently  random  and  unpredictable  manner. 
These  incidents  have  a history  beginning  with  the  XD-70  aircraft  and  extenfhng  to 
the  YF-12  aircraft  (ref.  1)  and,  more  recently,  the  Concorde  aircraft  (ref.  -) . 
Lateral-directional  control  problems  of  the  YF  12  aircraft  (ref.  3)  manifest  them- 
selves as  large  forces  and  moments  induced  by  inlet  spike  and  bypass  door  move- 
ments and  reductions  in  Dutch  roll  damping  due  to  automatic  inlet  operation . 

Since  the  last  operating  problems  conference , research  pertinent  to  supersonic 
cruise  aircraft  has  been  relatively  low  key.  Nevertheless,  significant  progress  has 
been  made  and  solutions  to  several  problems  are  at  hand . Several  papers  and 
reports  (refs.  3 to  7)  have  explored  the  primary  areas  of  concern,  such  as  airtrame/ 
propulsion  system  interactions,  atmospheric  disturbances,  autopilot  performance, 
and  pilot  displays . 

This  paper  will  review  the  high  speeii,  high  altitude  flight  path  control 
problems  discussed  five  years  ago  and  the  developments  in  those  areas  with  the 
YF-12  aircraft  since  then.  This  .study  is  neither  final  nor  complete:  mon>  operating 
experience  is  required  to  confirm  the  adequacy  of  the  solutions  and  to  investigate 
additional  problems . 
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SYMBOLS 


Physical  quantities  are  given  in  the  International  System  of  Units  (SI)  and 
parenthetically  in  U.S.  Customary  Units.  All  measurements  except  temperature 
were  taken  in  Customary  Units . 
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normal  acceleration , g 
longitudinal  force  coefficient 
incremental  altitude,  m (ft) 


normalized  rolling  moment,  1/sec' 
Mach  number 


normalized  yawing  moment,  1/sec' 


2 2 

static  pressure  error,  N/m  (Ib/ft  ) 


angle  of  attack  with  respect  to  wing  reference  plane,  deg 
angle  of  sideslip , deg 
indicated  angle  of  sideslip , deg 

differential  eleven  deflection , deg 

average  eleven  deflection , deg 

rudder  deflection , deg 

Dutch  roll  damping  ratio 

short  period  damping  factor , rad/sec 


differential  bypass  door  opening,  right  bypass  door  position 
minus  left  bypass  door  position , percent 


sideslip  sensor  lag , sec 
short  period  frequency , rad/sec 


Subscripts: 


'h 
. .« 
--w 


' ■ r 


-■t’  '. 


\ 


i ’ 

f 

1 

1 

1 

' J 

1 ' ' 

[ 1 

M,p,6  ,6^,,ri  partial  derivative  with  res|»etd  t«»  subscripted  variable 
AIUFRAMK/I’HOIUILSION  SYSTKM  INTKRACTIONS 


Because  airframe/propulsi..n  system  interactions  are  probably  the  most  impor- 
tant factor  in  supersonic  aircraft  fli|>bl  P‘»tb  control,  this  topic  will  be  discussed 
first . 


The  demands  of  efficient  cruise  above  Mach  2.0  has  led  to  the  u.so  of  variable 
ffoometry  and  mixed-compression  inlets.  A simplified  schematic  of  a variable 
geometry  inlet  and  control  system  is  shown  in  figure  I . This  inlet  is  representative 
of  that  u^ed  in  the  YF  - 12  aircraft . The  inlet  has  a translating  spike  and  forward 
bypass  doors  to  control  the  position  of  the  normal  shock  in  the  inlet.  If  the  normal 
shock  is  positioned  too  far  to  the  rc.ar  of  the  inlet,  losses  in  etliciency  «nd*  Jhus, 
range  will  occur.  If  the  normal  shock  is  too  iar  forward,  it  can  become  unstable 
and  be  expelled  from  the  inlet  (unstart) . which  causes  large  thrust 
airflow  dilturbances.  The  desired  oper.ating  position  of  tiu;  normal 
tion  of  Mach  number,  angle  of  attack,  and  angU'  of  sideslip.  The 
matically  controlled  by  a computer  that  varies  the  spike  and  bypass  dooi  position, 
as  functions  of  tho.se  critical  vari.ables 


Dutch  Roll  Int.Tiielions 


The  propulsion  .system  can  exert  a strong  iiifhienci'  on  the  aircraft’s  stability 
and  control  characteri.stics . An  example  of  a lateral directional  airtrame/pvopulsi 
system  interaction  (ref.  3)  is  shown  in  fif-ure  2.  f 

rudder  pulse  is  illustrated  with  the  inlets  fixed  and  with  the 
matically.  The  stability  augmentation  system  is  ..If.  When  the 

automatically,  the  Dutch  i-oll  motion  is  diverg-.'iit . D.'cause  the  Dutch  i oil  motion  ha. 
a relatively  short  period,  the  Ma.di  number  is  constant  and  the  on  y signilic.-int 
inlet  control  variable  is  the  aiigh-  of  sid.-slip.  To  compens.de  , 

the  bypass  doors  on  the  windward  side  open  farther  with  the  si'iiscd  aiig  ^ 
slip  than  the  doors  on  the  Icsnvard  side.  This  causes  asymmetric 
bypass  doors  with  the  not  result  that  the  differ.>ntial  bypass  door  d.dT.n  tion  is  in 
ohLc  with  the  angle  of  sideslip . The  spikes  move  in  a similar  manner.  I he 
annlysr^  of  lio„.  I.istovi.-s  (r,.f.  3)  »h..w»  th.„  th..  •■'■--'■'-'V"'"!'''"" ''r,;' 

the  magnitude  of  the  forces  .nid  moments  produced  by  autom  du  in  . ope  . , 

effect  of  those  forces  and  moimaits  on  the  aircraft’s  stability  and  • • • 

0.5-sccond  lag  (at  this  flight  .'.mdition)  in  the  sideslip  s.aisor  used  b\  the  inlet 
computer.  Those  fa.dors  will  l»>  di.seiissed  in  the  tollowing  paragraphs. 

Table  1 compar.'s  the  .-ITeetiveii.'ss  of  die  bypass  doors  in  produeiiig  '‘"PunV 
vnwing  moments  to  that  of  th.  a.>rodyiMinir  control  s.urla.-i  ...  Airi>lan.‘  .•..ntrol 

Suven™»  is  ,.xp....ss,.,l  in  (.  nns  ..I  fnll  rslln.r  Ih.m  < .'U 

of  rucMcr  m-  aik.l'on.  Tliis  pi  nvi.l.-.  I.  . <•  l..r  . nni|inns..n  with  III.'  hM'.i 
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door  effectivonoss,  which  Ib  oxproBsod  in  tcrniH  of  poroont  of  full  bypass  door 
opening.  In  the  normal  operating  range,  the  bypass  dtwrs  have  the  same  order  of 
magnitude  of  effectivonoss  os  the  rudder  and  ailerons:  in  other  words,  10  percent 
aileron  deflection  has  approximately  the  same  effect  as  10  poroont  bypass  door 
deflection.  Fortunately,  other  YF  12  data  indicate  that  dtie  to  choking,  the  eficctivo- 
ness  of  the  bypass  doors  as  moment  producers  docroasos  considerably  as  the  doors 
open  beyond  the  normal  operating  position.  If  tliis  effectiveness  did  not  decrease, 
full  bypass  door  openings  could  overpower  the  aerodynamic  controls.  (To  simplify 
the  analysis , the  bypass  door  and  spike  effects  have  been  combined , which  is  valid 
at  this  flight  condition  because  the  spikes  move  in  phase  with  the  bypass  doors . In 
addition , investigations  indicate  that  at  this  Hight  condition  the  bypass  doors  are 
more  effective  than  the  spikes . ) 


Table  2 shows  the  effect  of  the  inlet  on  the  static  lateral-directional  stability 
of  the  airplane . The  bypass  doors  are  programed  by  the  inlet  computer  such  that 
a bypass  door  opening  of  approximately  3 percent  is  commanded  for  euc*.'  degree  of 
sideslip . Thus , the  moments  generated  by  automatic  inlet  operation  are  coupled  to 
sideslip.  The  table  gives  the  static  directional  stability  parameter  (Wp)  and  the 

dihedral  effect  parameter  (Lp)  for  the  basic  aircraft  (inlets  fixed)  and  for  automatic 

inlet  operation.  The  yawing  moments  produced  by  static  stability  are  in  the  same 
sense  as  those  produced  by  the  bypass  doors  (V^^) , Thus,  those  effects  are  addi- 
tive and  directional  stability  is  improved  40  percent  by  automatic  inlet  operation. 
However , the  rolling  moments  producecl  by  the  bypass  doors  oppose  the  rolling 
moments  due  to  dihedral  effect  and  the  net  result  is  a change  in  sign  of  the  effective 

Lp. 


The  influence  of  automatic  inlet  operation  on  the  Dutch  roll  damping  is  primarily 
determined  by  the  lag  in  the  sideslip  sensor  for  the  inlet  computer,  which  acts  in 
conjunction  with  the  yawing  moments  induced  by  the  bypass  doors.  Figure  3 illus- 
trates the  influence  of  the  sideslip  sensor  lag  on  the  Dutch  roll  damping  ratio  for  a 
nominal  value  of  yawing  moment  duo  to  bypass  door  deflection  for  the  YF-12  aircraft. 
The  figure  shows  that  lags  cause  the  damping  of  the  Dutch  roll  mode  to  become 
unstable.  However,  it  is  relatively  easy  to  eliminate  the  lag  or,  possibly,  provide 
a load.  When  a load  is  provided,  the  airframo/propulsion  system  interaction  could 
bo  used  to  enhance  aircraft  damping.  Feasibility  studies  indicate  that  Dutch  roll 
damping  can  bo  improved  by  the  use  of  passive  filters  or  feedback  loops  such  as  the 
feedback  of  a yaw  rate  signal  to  the  bypass  doors. 


Fhugoid  Interactions 

Damping  changes  duo  to  automatic  inlet  operation  have  also  been  documented 
for  the  phugoid  mode . Figure  4 illu.strates  a typical  phugoid  motion  of  the  YF- 12 
aircraft  for  fixed  and  autom.atic  inlet  operation . In  both  cases  the  aircraft  was 
initially  disturbed  by  the  pilot’s  opening  and  closing  the  bypass  doors,  which 
momentarily  increa.ses  drag  anrl  decr«>a.ses  thrust . 


150 


I 


An  unpublinluMl  aimly.siH  of  YF-  12  phugoid  data  indloatos  that  the  primary  Influ- 
onoo  ia  on  (’  , tho  chanfv*^  In  lon^'itudinal  foroo  ooofflolont  (thruat  minua  drag) 

•*’ai 

with  roapool  to  Ma<!h  inimhnr  (tablo  II) . For  a typionl  aubaonio  jot  aircraft  at  a oon- 
atant  throttlo  aotting.  drag  tonf's  to  inornaao  faator  with  apood  than  thrust,  which 
increases  phugoid  damping,  For  high  performance  suporaonic  propulsion  ayatems, 
however,  offioicney  incr(vis«'s  with  Mach  number  and,  at  a constant  altitude,  thrust 
can  actually  increase  faster  than  drag.  Conversely,  when  tho  aircraft  decelerates, 
thrust  can  decrease  faster  than  drag.  Hecauao  automatic  inlet  operation  Is  more 
efficient  than  fixed  inlet  operation,  this  effect  Is  accentuated,  ns  illustrated  by  the 
change  in  C’  in  table  3. 

It  is  not  certain  whether  these  changes  in  phugoid  damping  contribute  to  piloting 
difficulties.  In  any  case,  the  basic  phenomena  are  understood  and  can  bo  suppressed 
with  an  autopilot  or  a stability  augmentation  system  if  necessary . 


LONGITUDINAL  FLIGHT  PATH  CONTROL 


Many  factors  are  involved  in  the  long  history  of  incidents  of  altitude  and  Mach 
number  excursions  with  supersonic  cruise  aircraft . Some  primary  factors  arc  auto- 
pilot behavior  in  tho  presence  of  atmospheric  temperature  fluctuations,  system 
characteristics  such  as  lags  and  angle  of  attack  sensitivity , and  inadequate  pilot 
displays . 


Mach  Hold  Autopilot  Behavior 

Manual  control  of  Mach  number  and  altitude  can  involve  a sizable  pilot  work- 
load when  conditions  arc  not  ideal . In  addition,  the  pilot  must  monitor  a variety  of 
aircraft  systems  (particularly  the  propulsion  system)  and  contend  with  a rapid 
succession  of  air  traffic  control  checkpoints  because  of  tho  high  cruise  speed . 
Conseqtiently , autopilot  operation  is  essential  for  pilot  relief. 

However,  some  conventional  autopilot  modes  respond  unfavorably  !'•  *mos- 
pheric  temperature  changes.  For  example,  a conventional  Mach  hold  auiu,  ilot  uses 
elevons  to  maintain  Mach  number . Basically , it  attempts  to  trade  altituue  for  speed . 
At  high  speeds , however , large  changes  in  altitude  are  roqxiired  to  obtain  relatively 
small  changes  in  speed . When  atmospheric  temperature  changes  are  encountered , 
the  autopilot  interprets  those  ns  instantaneous  Mach  number  changes  and  induces 
large  altitude  changes  to  attempt  to  compensate . This  is  illustrated  in  figure  5 , in 
which  the  solid  lino  shows  the  simulated  response  of  a YF-12  aircraft  to  a 4°  C 
(7.2®  F)  step  change  in  temperature. 

Unpublished  studios  show  that  a cruise  autothrottle  alleviates  this  problem  by 
providing  an  additional  controller  which  permits  control  of  Mach  number  independ- 
ent of  altitude.  The  dashed  line  in  figure  5 shows  a simulator  response  with  the 
autothrottlo  system.  A cruise  autothrottlc  was  recently  installed  in  tho  YF-12 


151 


X 


alivraft  and  flight  loHta  at’(»  In  prof.v'f’f-**'  to  vorUy  fhoao  ntudioB  in  an  oporntionol 
onvironmcnt , Slmilai*  cxporloncoM  with  tho  (’oncfjrdo  aircraft  have  alao  led  to  tho 
oonoluaion  that  a crniHc  autothrottlc  1h  iK’cfhHl  (ref.  8). 


Aititude  Hold  Autopilot  Hchavlta* 


OifficultioH  have  alHo  ix'on  cniuiunlc'rcd  with  (•onvcntlonal  altitude  hold  modoa, 
and  YF-12  oxperienct*  (ref.  fi)  indicat<  ‘i  that  thcHC  eases  can  be  (piite  subtle  and 
complex . Tho  YF'  12  problems  appear  to  he  exlrcmiely  random  and  unpi’edlctablo: 
sometimes  the  pr(»blems  are  associated  with  obvious  atmosplu'rlc  temperature  fluc- 
tuations and  sometimes  they  are  not.  Tlu>  altibah'  hold  mod(‘  on  the  YF- 12  aircraft 
was  dosit^ned  for  use  below  18,288  nunors  ((HI, 000  feet) , but  because  nothinp:  in  the 
dcsi(?n  precluded  its  use  above  that  altitude,  it  was  decided  to  investigate  the 
behavior  of  the  altitude  hold  autopilot  at  high  altitudes.  The  results  appear  to  be 
inconsistent  in  that  on  some  occasions  the  altitude  hold  autopilot  maintained  altitude 
within  ±30.5  motors  (±100  feet) , whereas  on  other  occasions  large  aititude  excur- 
sions or  bursts  of  short  period  instability  occurred.  Figure  6 shows  an  example  of 
acceptable  altitude  hold  performance  (ref.  6)  and  figure  7 shows  an  example  of 
unacceptable  performance . In  figure  7 . note  tho  bursts  of  divergent -convergent 
short  period  oscillations . tho  rough  ride  (as  indicated  by  the  normal  acceleration 
time  history),  and  the  poor  altitude  hold  performance. 

Analysis  and  simulation  studios  showed  that  adjustment  of  the  autopilot  gains 
could  improve  tho  long  period  altitude  hold  performance,  but  the  short  period 
instabilities  persisted  and  were  traced  to  the  angle  of  attack  sensitivity  of  the  static 
ports  on  tlie  compensated  nose  boom  of  the  YF-12  airci'aft.  The  compensated  nose 
booms  are  used  to  minimize  airspeed  errors  in  the  transonic  speed  range; 
unfortunately,  these  nose  booms  tend  to  be  sensitive  to  angle  of  attack. 


The  nature  of  the  angle  of  attack  sensitivity  of  tho  nose  boom  is  illustrated  in 
figure  8.  As  angle  of  attack  increases,  the  slope  (Ap^/Aa)  of  the  curve  of  static 


pressure  error  versus  angle  of  attack  increases.  Analysis  has  shown  that  Ap^/Aa 

has  a direct  effect  on  sho^  period  stability  . This  is  illustrated  in  figure  9,  which 
is  a root  locus  of  the  airpl,ane  and  autopilot  for  various  values  of  Ap^/Aa.  As 


Apg/Aa  becomes  more  negntive,  tho  short  period  mode  becomes  unstable. 

Therefore , relatively  smal\  changes  in  angle  of  attack  can  cause  marked  changes  in 
system  stability . On  days  When  tho  atmosphere  is  smooth  and  tho  aircraft  precisely 
trimmed , good  autopilot  behhvior  is  possible . On  the  other  hand , any  roughness  in 
the  atmosphere  that  would  induce  more  autopilot  activity  and  larger  angle  of  attack 
excursions  would  lead  to  instability.  Figure  7 shows  that  the  oscillations  diverge 
when  angle  of  attack  increases  and  converge  when  angle  of  attaek  decreases . 


Simulation  studies  showed  that  the  angle  of  attack  sensitivity  could  be  counter- 
Hcted  by  adding  a high-passed  pilch  rate  signal  to  tho  autopilot.  The  addition  of 
high-passed  piteh  rate  increased  the  damping  of  the  aircraft-autopilot  system  with- 
out interacting  with  other  modes,  so  that  the  system  was  insensitive  to  the  effects  of 
angle  of  attack.  The  angle  of  attack  sensitivity  could  al.so  be  counteracted  by  the 
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computation  o(  a t:orrrctinn  in  lla*  ajr  (iata  (*om()utc'i‘  or  Iho  relocation  of  the  static 
ports  to  a location  that  in  in.spnsHivp  In  ann’lc  of  attac*k*  The  use  of  the  hip^h**passcd 
pitch  rate  focdbacU  , ho\v('V('r,  is  ad vant:mi»ous  in  that  it  doos  not  require  as  precise 
a prior  knowlod^*<»  ul  i1m‘  ann’h*  ul  att.arK  induccul  (uu»ors  or  nose  boom  characteristics* 

To  verify  Uioso  rcssults  i!i  tlio  niu*hl  (aiv ironmont  ♦ the  YF  12  altitude  hold  auto- 
pilot mode  was  modificni  with  trains  oplimi/*od  for  higlun'  altitudes  and  a high-^passed 
pitch  rate  loodnaek  signal  to  (.‘oinjuajsab*  for  tin*  angle  of  attack -sensitive  nose  boom* 
The  performance  of  tlu»  naxlified  allitiah?  la)ld  autopilot  is  illustrated  in  figure  10* 
Although  the  atmospluuaj  apjxau’s  to  be  smooth*  the  angle  of  attack  range  is  similar 
to  the  example  of  figure'  7*  whoa*  sliori  peidod  instal)ilitie8  occurred*  In  this  case, 
however*  autui)ilol  perfoianama*  is  smooth  witli  no  signs  of  *short  period  instability. 


Manual  Flight  Ibitli  Control 

To  assist  the  pilot  in  manual  flight  path  control  tasks*  an  inertial  rate  of  climb 
display  was  provided  in  iho  YF  12  cockpit  u*ef.  7)  * Vortical  velocity  information 
from  the  onboard  inertial  guidance  system  was  used  to  drive  a horizontal  needle  on 
the  attitude/ director  indicailor  * rijis  display  circumvents  the  lag  in  the  air  data 
system  and  tlic  errors  due  to  tlu*  angle  of  attaerk  sensitivity  of  the  nose  boom* 

Pilots^  comments  on  this  display  were  higlily  favorable.  Typical  comments 
were:  'immediately  obvious  tl)is  is  a lot  bottor'i  "a  big  help",  "very  helpful",  and 
"nice  for  level  aeeohu'ations A limited  semdquantitativo  evaluation  of  the  display 
was  made*  and  the  results*  aia.'  summarized  in  table  4,  show  an  average 

improvement  in  pilot  ratuig  of  approximat('ly  2 1/2  on  the  Cooper-Harper  scale— a 
significant  improvement , 


( ON(‘Md)IN(i  KKMAHKS 


Solutions  to  s{*veral  <A‘  tlu  handling  cjualitic's  problems  of  supersonic  cruise 
vehicles  discussed  at  tlK  1'*I71  operating  pr(»bk‘ms  ('onfercaieo  are  at  hand. 

However*  more  operating  laxiK'rieiua*  is  m-ed(‘d  to  confirm  the  adequacy  of  these 
solutions  and  to  invimtigali*  additional  i>rnbh*ms.  'Fhe  primary  problems  addressed 
in  1971  and  the  .solutions  di'V’elopcal  with  tlu*  Yl'  12  aircraft  since  then  are  summa- 
rized as  follows: 

Airframo/propulsion  svstem  intei*.jctions  aia*  (*aus(*(i  by  significant  forces  and 
moments  on  the  airframe  iiuiucc'd  Ijy  bypass  (k)oi*  and  spike  operation,  lor  the 
Dutch  roll  nuKie  * t.  ♦ S(*  ldrc(*s  and  moments  arc  couphal  to  th<'  aircraft's  responses 
by  the  inlet  computtu*  that  ( onli’ol.-,  tlu*  spike  and  bypass  door  positions  as  a function 
ol  angle  of  sideslip  , 'I'hi.*'  coupling  is  advi*i*si*ly  alTcctt'd  by  lags  in  the  sideslip 
sensor*  Thc*s(*  adverse  iuleraetious  (*an  be  rediu*ed  or  made*  favorable  by  the  u.se  of 
passive  filters  oi*  additional  {(‘rdl^aok  loops  in  tlu*  propulsion  or  Hight  (‘ontrol 
system  * nr  both  . 
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Atmospheric  temperature  fluctuations  can  cause  a conventional  Mach  hold  auto- 
pilot to  induce  large  Mach  and  altitude  excursions . The  use  of  a cruise  autothrottle 
for  Mach  control  alleviates  this  problem . 

Instabilities  in  the  altitude  hold  autopilot  systems  have  been  traced  to  the  angle 
of  attack  sensitivity  of  the  static  ports  on  the  compensated  nose  boom . For  the 
YF-12  aircraft,  the  feedback  of  high-passed  pitch  rate  to  the  autopilot  resolves  this 
problem. 

Manual  flight  path  control  is  significantly  improved  by  the  use  of  an  inertial  rate 
of  climb  display  in  the  cockpit . 
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TABLE  1. -COMPARISON  OF  BYPASS  DOOR  AND 
CONTROL  EFFECTIVENESS 


L = 0.35  deg/ sec  -percent 

Lc  =0.30  deg/  sec^-percent 
®a 

2 

N = 0.11  deg/ sec  -percent 

^ 2 
No  = -0.073  deg/ sec  -percent 


TABLE  2.— INFLUENCE  OF  AUTOMATIC  INLET  OPERATION  ON 
EFFECTIVE  AIRCRAFT  STATIC  STABIUTY 


Inlet 

operation 


Effective  stability 
derivative 


Lp,  1/sec 


Np,  1/sec" 


Fixed 

Automatic 


TABLE  S. -EFFECT  OF  INLET  OPERATION  ON  C 


Inlet  operation 


Fixed 

Automatic 


TABLE  4. -PILOT  RATINGS  OF  ALTITUDE  CONTROL 

M 3.0 


Cooper-Harper  rating 

Task 

Without  inertial 
rate  of  climb 
display 

With  inertial 
rate  of  climb 
display 

Transition  from  climb 
to  level  flight 

6 

3 

Stabilisation  after 
pitch  disturbance 

5 

3 

Descmit 

5 

3 

mm 


FORWARD  BYPASS  DOORS 


Figure  1.-  Simplified  schematic  of  variable  geometry  inlet  and 

control  system. 
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Figure  2.-  Dutch  roll  response  to  rudder  pulse.  Yaw  stability 
augmentation  system  off,  M 3.0. 
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Figure  3.-  Influence  of  sideslip  sensor  lag  or  lead 
compensation  on  Dutch  roll  damping  ratio. 
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4,-  Effect  of  inlet  operation  on  YF-12  phugold  response. 
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Figure  5.-  Simulated  response  of  YF-12  Mach  hold  autopilot. 
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Figure  6,-  Acceptable  altitude  hold.  Stable 

atmosphere;  M =»  3;  h ~ 23,622  ra  (77,500  ft). 
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Figure  7.-  Unacceptable  altitude  hold. 
Unstable  atmosphere;  M « 3; 
h 23,622  m (77,500  ft). 
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SUMMARY 


A 3-year  research  program  sponsored  jointly  by  the  NASA  and  the  FAA  has 
resulted  in  the  formulation  of  tentative  civil  airworthiness  flight  criteria 
for  powered-llft  transports.  Representatives  of  the  U.  S. , British,  French, 
and  Canadian  airworthiness  authorities  participated.  The  ultimate  limits  of 
the  flight  envelope  are  defined  by  boundaries  in  the  airspeed/path-angle  plane. 
Angle  of  attack  and  airspeed  margins  applied  to  these  ultimate  limits  provide 
protection  against  both  atmospheric  disturbances  and  disturbances  resulting 
from  pilot  actions  or  system  variability,  but  do  not  ensure  maneuvering  capa- 
38  the  30-percent  speed  margin  docs  for  conventional  trans- 
ports. Separate  criteria  provide  for  direct  demonstration  of  adequate  capa- 
bility for  approach  path  control,  flare  and  landing,  and  for  go-around. 
Demonstration  maneuvers  are  proposed,  and  appropriate  .-.buses  and  failures  are 
suggested.  Taken  together,  these  criteria  should  permit  selection  of  appro- 
priate operating  points  within  the  flight  envelopes  for  the  approach,  landing 
and  go-around  flight  phases,  which  are  the  phases  likely  to  be  most  critical 
for  powered-lift  aircraft.  Criteria  are  based  (1)  on  simulation  results 
obtained  using  the  Ames  Flight  Simulator  for  Advanced  Aircraft,  (2)  on  previ- 
ous ARC  flight  experience  with  a variety  of  experimental  powered— lift  aircraft, 
and  (3)  on  recommendations  from  other  sources.  Additional  work  is  needed  to 
verify  and  refine  the  present  criteria  in  flight,  to  develop  criteria  to 
define  field  lengths,  and  to  treat  powered— lift  concepts  that  incorporate 
sophisticated  guidance,  displays,  or  advanced  vehicle  stability  augmentation. 


INTRODUCTION 


This  paper  presents  the  results  of  a 3-year  research  program  directed 
toward  development  of  tentative  civil  airworthiness  flight  criteria  for 
powered 1ft  aircraft.  The  objectives  ’.’ere  to  develop  tentative  airworthiness 
flight  criteria  (concentrating  on  the  approach  and  landing  flight  phases),  to 
define  demonstration  test  techniques,  and  to  explore  design  implications  of 
the  criteria. 

The  program  was  sponsored  Jointly  hy  NASA  and  FAA,  with  participation  by 
the  United  States,  British,  French,  and  Canadi.in  airworthiness  authorities. 

It  is  hoped  that  standards  developed  from  these  criteria  can  be  adopted  in 
substantially  equivalent  form  by  each  of  the  participating  authorities. 
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The  dovolopmont  of  criteria  wna  bcRun  by  uBing  the  Amen  Flight  Simulator 
for  Advanced  Aircraft  (fig.  1)  to  evaluate  the  operating  characterinticn  of 
neveral  ropreaentative  powered"lift  concepta  (relB>  1-6)  under  reallatic 
instrument  flight  conditlouR  with  ntmonpherlc  turbulence  and  wind  ahear. 
Together  with  prevloua  Amoa  experltmce  with  varlu\ui  powered-l  1 1 1 refi<-'ari'l> 
aircraft  (ref.  7),  thin  evaluation  enabled  tdentU Icatlon  of  the  principal 
flight  hazurdu  due  to  powered  lift. 

Preliminary  criteria  intended  to  provide  protection  againat  thcae  hazards 
wore  drafted  by  the  Powered-Lift  Standards  Development  Working  Croup,  a body 
organized  for  that  purpose  and  constituted  of  representatives  of  the  partici- 
pating organizations.  These  preliminary  criteria  were  then  examined  by  addi- 
tional simulator  testing  (refs.  8,  9),  and  appropriately  modified.  Flight 
testing  will  be  necessary  to  verify  and  refine  the  presently  proposed  criteria. 

These  criteria  are  presented  and  discussed  fully  in  a report  (ref.  10) 
that  has  recently  been  distributed  by  the  FAA  for  comment.  Criteria  have  been 
developed  in  the  categories  of  flight  envelope  limits,  safety  margins,  approach 
path  control,  flare  and  landing,  go-around,  and  propulsion  failure,  together 
with  brief  guidelines  on  landing  field  length.  A section  on  general  considera- 
tions (ref.  10)  is  intended  to  treat  questions  of  regulatory  philosophy,  and 
to  clarify  certain  peculiarities  that  tend  to  characterize  all  powered-lift 
vehicles  supported  primarily  by  wing  lift.  The  forms  of  the  criteria  were 
considered  more  important  than  the  proposed  numerical  quantities.  Although 
these  numerical  proposals  were  based  on  the  flight  and  simulation  results 
available  at  the  time,  It  is  recognized  that  these  numerical  quantities  will 
have  to  be  refined  as  flight  experience  is  gained. 


ULTIMATE  FLIGHT  ENVELOPE  LIMITS 


Turning  now  to  the  criteria  themselves,  It  is  convenient  to  begin  by 
considering  those  basic  aerodynamic  characteristics  of  a powered-lift  aircraft 
that  determine  the  ultimate  limits  of  its  flight  envelope.  The  two  graphs  on 
the  left-hand  side  of  figure  2 illustrate  the  lift  curves  and  polar  character- 
istics of  a representative  powered-lift  transport  in  the  landing  configuration. 
The  augmentation  of  lift  by  the  propulsion  system  is  correlated  for  different 
concepts  by  the  blowing  momentum  coefficient  Cj,  which  represents  the  reaction 
force  due  to  the  momentum  discharged  by  the  powered-lift  system.  The  lowest 
curves  represent  the  characteristics  of  the  wing  without  blowing.  Increased 
blowing  at  constant  angle  of  attack  augments  the  lift  several-fold.  Powered- 
lift  aircraft  may  be  controllable  beyond  the  peaks  of  the  lift  curves,  so  that 
the  maximum  angle  of  attack  exceed  the  angle  for  maximum  lift. 

The  right-hand  graph  of  figure  2 illustrates  the  operating  envelope  that 
results  when  the  aerodynamic  characteristics  arc  converted  from  coefficient  to 
dimensional  form.  The  heavy  contours  correspond  to  constant  thrust  settings. 

It  can  be  seen  that  the  boundaries  ol  the  central  clear  area  constitute  the 
ultimate  limits  of  the  flight  envelope.  In  the  shaded  region  at  the  top  of 
the  chart,  the  thrust  required  for  steady  tllght  is  greater  than  the  mxlmum 
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available;  in  the  lower  right-hand  comer  it  is  leas  thjn  flight  idle  thrust. 
Beyond  the  right  edge  of  the  chart  the  airspeed  exceeds  the  placard  (structural) 
limit » and  in  the  lower  left-hand  comer  the  aircraft  is  either  stalled  or 
otherwise  uncontrollable.  The  broken  minimum-speed  contour  Vjjjjj  corresponds 
to  The  region  of  the  flight  envelope  between  the  omaX  and  Vjjijj 

contours  is  not  useful  for  controlled  operation*  but  can  provide  addiwional 
protection  against  vertical  gusts.  In  general  for  powered-lift  aircraft  it  is 
necessary  to  consider  the  limiting  angle  of  attack  oeparrtely  from  the  limiting 
speed . 


SAFETY  MARGINS 


Safety  margins  must  be  applied  to  the  ultimate  limits  of  the  flight 
envelope  to  define  the  nomal  envelope.  Within  this  normal  envelope*  all 
expected  flight  operations  can  be  carried  out  while  maintaining  safe  margins 
from  the  ultimate  envelope  limits. 


Angxe  of  Attack  Margin 

Considering  first  the  angle  of  attack  margin*  it  must  provide  protection 
againsb  undeslred  angle  of  attack  excursions  resulting  from  atmospheric 
disturbances  and  unintentional  pilot  deviations*  as  well  as  allowing  for 
intentional  maneuvers.  The  proposed  tentative  angle  of  attack  margin  is 
illustrated  in  figure  3*  and  is  defined  by  the  equation 

* . 20 
Aa  « arc  sin  = 

knot 

This  margin  enables  the  aircraft  to  encounter  an  abrupt  20 "knot  vertical  gust 
without  exceeding  omaX*  The  criterion  was  proposed  by  the  working  group  after 
reviewing  the  capabilities  of  conventional  aircraft  during  the  landing  approach* 
and  is  intended  to  provide  vertical  gust  protection  equivalent  to  that  of 
conventional  jet  transports.  The  angle  of  attack  excursions  caused  by  pilot 
actions  are  smaller  for  powered-lift  aircraft  which  use  thrust  as  the  primary 
means  of  flight  path  control  than  for  conventional  aircraft,  which  use  pitch 
changes  for  flight  path  control.  Since  'x^iaX  generally  thrust-dependent, 
the  ruargin  i^ust  be  established  at  each  thrust  setting  throughout  the  flight 
range.  This  process  then  defines  the  upper  light  solid  contour  in  figure  3, 
which  constitutes  one  boundary  of  the  normal  operating  envelope. 


Speed  Margin 

For  purposes  of  comparison,  consider  the  speed  margin  for  conventional 
transports.  The  hatched  boundary  on  the  right  in  figure  4 illustrates  the 
30-percent  speed  margin  required  for  conventional  transports;  it  is  based  on  the 
pov;er-off  stall  speed.  It  will  be  seen  that  thlc  margin  would  not  allow 
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exploitation  of  the  powered’^llfl  envelope*.  itio  ror rc  j^poueling  tentative  speed 
margin  proposed  for  povered-lift  aircraft  is  also  *50  percent  (but  not  less  than 
20  knots),  but  it  is  based  on  the  use  of  iiiaxiiTuim  tluuHt.  This  speed  margin  is 
intended  to  deal  with  atmospheric  disturbances  requiring  drastic  action  by  the 
pilot,  such  as  strong  wind  sliear*  *Vo  command  mavjnium  lift,  the  pilot  of  the 
conventional  aircraft  must  pitch  to  tlie  stalling  limit.  In  the  powered-lift 
aircraft  the  corresponding  pilot  action  v;ouJd  be  to  maximum  thrust  (and 

perhaps  also  to  pitch  moderately),  it  will  be  seen  from  figure  ^ that  the 
proposed  criterion  recognizes  the  effect ivciu  ns  of  pev/*  rod  lift  in  reducing 
minimum  speed  by  allowing  a correspond ing  reduction  in  approacli  speed.  As  a 
consequence,  an  aircraft  with  little  [’owcrpti  liit  would  use*  an  approach  speed 
nearly  the  same  as  if  it  wert*  certiiit‘d  iimler  [uo^^fiit  ti  atisport-category 
requirements. 

The  right-hand  chart  of  figure  5 illustrates  a second  tentative  speed 
margin  which  is  intended  to  provide  protection  during  noriral  approaches  nojt 
requiring  drastic  action  by  the  pilot.  For  commercial  operations  it  is  neces- 
sary to  fly  normal  approaches  in  light  to  moderate  turbulence  safely  and 
routinely,  with  an  acceptable  pilot  workload  and  witliout  encountering  nuisance 
warnings.  After  reviewing  both  flight  and  simulation  experience,  the  working 
group  proposed  a speed  margin  of  15  per*cent  (but  nut  less  than  10  knots), 
based  on  the  minimum  speed  at  the  instantaneous  thrust.  This  thrust  is,  of 
course,  nominally  the  approach  thrust.  However,  sin:e  the  minimum  speed 
depends  on  thrust,  it  will  change  as  thiust  is  set  tor  different  flight  path 
angles.  Therefore,  the  margin  must  be  established  at  each  thrust  setting  over 
the  whole  flight  range.  This  process  then  defines  the  upper  broken  contour  in 
the  right-hand  chart  of  figure  5.  The  speed-margin  criteria  Illustrated  in 
figure  5 constitute  two  additional  t.eundaT  Ins  of  tho  uon.  -u  operating  envelope. 


Sutnma r y of  Safety  Ma  g in  (rite r i a 

When  the  proposed  angle  of  attack  and  speed  margin  criteria  are  applied  to 
the  ultimate  flight  envelope,  the  noimal  operating  envelope  that  is  thus 
defined  is  illustrated  by  the  clear  area  in  figure  (.  The  relationship  of  the 
three  margin  boundaries  to  each  other  determines  vUich  margin  criteria  govern 
in  defining  the  limits  of  the  normal  envelope.  This  t cl.-itionshlp  will  depend 
on  design  characteristics,  such  as  the  forms  of  liit  (*\irves  and  the  magnitude 
of  powered  lift,  and  will  be  diffi^rent  for  each  alnrait.  To  reiterate,  for  an 
aircraft  with  little  powered  lift,  the  m*iv  In  cm-  thi  ast  speed  margin  would  likely 
be  dominant,  resulting  in  an  approach  si)e»‘d  marly  ib'“  as  it  the  aircraft 

were  certified  under  present  roqui  r imiciits  for  convent  ional  transpor  t-category 

aircraft . 

Now,  where  within  this  normal  envelope  slunild  the  uoi-iltial  operating  point 
be  located?  To  answer  this  question,  It  is  m*cess.ir:.  to  .ensider  lu^v  the  actual 
instantaneous  operating  point  may  rliangc  ns  tin*  i IT  i nahos  i light  path 
corrections  during  the  approach.  in  a < onvent  1 . <nc  > .'iMinlt,  ol  course,  the 
pilot  attempts  to  maintain  the  approad)  i\nr[*c<\  constant.  Most 

of  the  powered-llft  research  aircraft  l;ave  uclu  5 inv.  t c*  a reference  angle  ol 
attack.  It  can  be  seen  from  flgute  (>  tlmt  t.vi%;tn;nvi  usr  m y.]iv  pnwered-Ilft 
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envelope  would  result  from  following  the  maximum- thrust  speed  margin  hound.irv 
when  flying  shallow  approach  paths,  and  following  the  angle  of  attack  margin 
boundary  when  flvlng  steeper  paths.  There  Is  some  question  whether  the  pilot 
can  follow  such  contours  successfully.  This  matter  will  be  considered  further 
In  the  next  section. 


FLIGHT  REFERENCE 


An  enlargement  of  the  normal  operating  envelope  (the  clear  area  of 
fig.  6)  appears  in  figure  7.  Here  the  concept  of  flight  reference  has  been 
generalized  to  include  contour  within  the  flight  path  angle  vs  speed 

plane,  such  as  the  arbitrary  contour  shown  in  figure  7.  This  generalized 
flight  reference  could  be  speed,  angle  of  attack,  or  perhaps  some  combina- 
tion of  these  with  thrust,  provided  only  that  the  reference  quantity  be  dis- 
played to  the  pilot  by  a single  instrument  and  that  it  be  adequately  reliable. 
Simulation  results  indicate  that  use  of  such  artificial  references  appears 
quite  feasible.  The  dotted  area  in  figure  7 illustrates  an  expected  range 
of  abuses  of  the  flight  reference  resulting  from  atmospheric  disturbances  or 

pilot  deviations. 


FLIGHT  PATH  CAPABILITY 


What  increments  of  flight  path  angle  above  and  below  the  schedtiled  path 
are  necessary  to  enable  the  pilot  to  make  adequate  upward  of  downward  correc- 
tions during  the  approach?  Based  on  both  flight  and  simulation  experience, 
the  working  group  proposed  that  the  upward  correction  capability  extend  to  an 
angle  A**  steeper  than  the  scheduled  angle.  Because  powered-lift  aircraft  tend 
to  operate  on  the  back  side  of  the  thrust- required  curve,  slow-speed  abuses 
tend  to  reduce  the  upward  capability,  and  fast-speed  abuses  tend  to  reduce 
the  downward  capability.  It  is  intended  that  appropriate  abuses  be  included 
in  the  flight  path  control  demonstrations.  The  size  of  the  abuse  would  be 
related  to  the  excursions  to  be  expected  during  approaches  in  moderate  turbu- 
lence, and  the  demonstration  would  establish  the  flight  path  capability  at 
the  abused  flight  reference. 

Figure  7 illustrates  these  considerations,  and  shows  how  an  appropriate 
operating  point  can  be  selected.  The  flight  reference  must  be  chosen  to 
provide  adequate  flight  path  capability  without  violating  any  of  the  safety 
margin  boundaries  when  the  flight  reference  Itself  is  maintained.  In 
figure  7,  if  the  chosen  flight  reference  contour  were  to  permit  the  demon- 
stration of  a stead'-  gradient  of  only  10°  with  the  fast-speed  abuse,  then 
the  steepest  scheduled  approach  angle  that  could  meet  all  the  criteria 
simultaneously  would  be  6°. 
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Why  is  it  necessary  to  treat  the  problem  of  flight  path  control  separately 
First*  the  characteristics  of  backslded  operation,  large  thrust 
inclination,  low  lift-curve  slope  (heave  damping) , and  limited  pitch  authority 
and  dynamic  response  all  tend  to  degrade  the  flight  path  response.  Maintaining 
speed  and  angle  of  attack  margins  is  not  sufficient  to  ensure  adequate 
maneuvering  capability,  as  it  does  for  conventional  transports.  The  need  for 
adequate  flight  path  capability  to  enable  the  pilot  to  make  path  corrections 
has  already  been  discussed* 

The  working  group  proposed  several  dynamic  response  criteria  intended  to 
ensure  adequate  path  response  without  objectionable  overshoot  or  excessive 
disturbance  of  the  flight  reference  due  to  use  of  the  primary  flight  path  con- 
trol. These  proposals  are  presented  and  discussed  in  detail  in  reference  10. 

Finally,  the  handling  qualities  of  several  powered-lift  research  aircraft 
have  been  objectionable  during  approach  because  of  excessive  complexity  of 

example,  the  hot  nozzles  of  the  Augmentor  Wing  Research  Aircraft 
(AWRA)  are  operated  by  a separate  cockpit  controller  providing  powerful  control 
of  thrust  inclination.  Flight  experience  with  this  aircraft  indicates  that 
continuous  modulation  of  nozzles  in  addition  to  column  and  throttles  during 
approach  results  in  excessive  pilot  workload. 

To  deal  with  this  problem,  the  working  group  proposed  that  there  be  no 
more  than  two  longitudinal  controls,  one  primarily  fcv  controlling  path  and 
the  other  for  controlling  flight  reference,  just  as  in  conventional  airplanes. 
For  example,  throttle  might  be  primary  for  path,  and  column  primary  for  flight 
reference.  In  order  to  limit  pilot  workload,  any  other  cockpit  controllers 
would  be  treated  as  configuration  selectors  not  requiring  continuous  pilot 
modulation  during  approach. 


FLARE  AND  LANDING 


The  next  flight  phase  to  be  considered  is  the  flare  and  landing.  In  this 
section  and  in  those  that  follow,  it  will  only  be  possible  to  indicate  the 
general  nature  of  the  proposed  criteria,  concentrating  on  those  aspects  that 
differ  significantly  from  conventional  aircraft  practice. 


After  considering  the  need  for  balancing  various  rcqul  reineriLs  on  preci- 
sion of  control,  on  acceptability  of  dispersions  in  toiuhdown  sink  r.itc' 
and  landing  distance,  and  on  gear  .strengtli,  the  working  group  proposed  tliat 
flare  and  landing  capability  be  demonstrated  diieitlv  in  llig.lit,  wllli  a|)pro- 
prlate^abusos.  I’roposetl  abuses  ol  initial  eotulltions  include  l.nidin;'.  from  a 
path  2 steeper  tlmn  scheduled,  as  well  as  appropriate  variations  in  initial 
flare  helgljt  .and  in  initial  flight  ri' I et  cti<  c . ' Ihese  I itti-r  abuses  remain  to 
be  defined  from  further  study  of  operat  inc,  characteristics.  Thr  stcep-paili 
abuse  corresponds  to  use  at  the  flare  initiation  point  ol  hall  the  pr..po^ed 
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4*  downward  correction  capability,  and  appears  to  correlate  well  with  the  flight 
path  disturbances  encountered  during  simulation  of  moderate  turbulence. 

A second  category  of  flare  and  landing  abuses  is  concerned  with  abuse  of 
the  secondary  control.  For  example,  for  an  aircraft  that  relies  primarily  on 
pitch  rotation  for  landing  flare,  thrust  would  be  considered  the  secondary 
control.  For  powered-lift  aircraft  in  this  category,  a severe  thrust-reduction 
abuse  is  proposed,  one  amounting  to  Irrational  use  of  thrust.  The  purpose  of 
the  abuse  demonstration  is  to  ensure  that  the  flare  and  landing  technique 
normally  used  in  the  conventional  regime  would  not  be  catastrophic  if  applied 
to  the  same  aircraft  in  the  powered-lift  regime.  If  the  aircraft  were  flared 
primarily  with  thrust,  this  thrust  abuse  would  not  be  needed  (although  the 
effect  of  an  inadequate  pitch  rotation  should  then  be  demonsttctted) . Flaring 
with  thrust  alone  appears  acceptable  if  the  heave  response  is  'juff iciently 
rapid. 


GO-AROUND  ! 

I 

! 

The  principal  differences  between  go-around  criteria  for  conventional 
aircraft  and  those  for  powered-lift  aircraft  are  concerned  with  the  acceptabil- 
ity of  re-configuratiop.  Some  powered-lift  aircraft  may  not  be  capable  of 
positive  climb  angles  without  re-configuration,  such  as  closing  upper-surface 
spoilers,  even  with  all  engines  operating.  Under  the  proposed  criteria,  an 
acceptable  re-configuration  would  be  accomplished  quickly  by  a single-action 
selection  that  would  not  require  the  pilot  to  remove  his  hand;?  from  the 
primary  or  secondary  controls,  and  would  not  require  further  attention. 


PROPULSION  FAILURE 


After  considering  the  questions  concerning  propulsion  failure  in  a 
powered-lift  aircraft,  the  working  group  proposed  the  following  criteria. 

First,  failure  of  all  critical  system  elements  should  be  considered,  including 
such  elements  as  cross-shafting  or  cross-ducting  as  well  as  the  engines 
themselves.  Second,  all  available  alternatives,  such  as  reversion  to  conven- 
tional operation,  should  be  considered.  The  need  to  take  account  of  propulsion 
failure  affects  the  specific  criteria  in  all  categories.  In  view  of  the  low 
probability  of  propulsion  failure  following  commencement  of  an  approach,  the 
group  believed  it  reasonable  to  accept  slight  reductions  in  safety  margins 
and  flight  path  capability  following  the  failure.  Capability  fur  safe  landing 
(within  structural  limits)  would  be  demonstrated  following  failure  below  a 
certain  commit  height,  and  capability  for  safe  go-around  would  be  demonstrated 
following  failure  above  thiu  commit  height. 
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LANDING  FIELD  LENGTH 


A n>reat  deal  of  work  is  still  needed  to  develop  methods  for  determining 
landing  field  length.  Summarizing  the  general  considerations  the  working  group 
believed  most  Important:  the  field  length  determination  should  be  based  on 

the  operational  (rather  than  maximum-effort)  technique;  abuses  related  to 
flare  and  landing  should  be  demonstrated;  and  propulsion  failure  should  be 
considered.  It  may  be  significant  that  powered-lift  aircraft  could  be  limited 
by  landing  distance  rather  than  takeoff  distance;  such  a limitation  could 
complicate  the  determination  of  landing  field  length  and  lead  to  a complexity 
similar  to  that  for  determining  takeoff  field  length  for  conventional  transports. 


CONCLUDING  REMARKS 


The  need  for  flight  examination  of  these  proposed  criteria  is  fully 
recognized.  Ames  is  in  the  midst  of  a 50-hr  flight  program  using  the  Augmentor 
Wing  Research  Aircraft  (AWRA) . This  work  is  directed  toward  verification  and 
refinement  of  the  tentative  criteria,  and  is  planned  for  completion  next  year. 
It  is  hoped  that  this  process  of  refinement  can  be  continued  by  selected 
experiments  using  other  powered— lift  airctaft,  and  that  the  design  implications 
of  the  criteria  can  be  more  thoroughly  explored. 
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tlgatiun.  For  oxampUs  radar  rooords  ran  l>o  usihI  tri  drrivr  a l inu-lustorv 
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These  derived  motion  data  can  be  used  to  complement  t lu*  t 1 i .dit -dal  a rorordinc.s 
onboard  airliners  and  provide  a siuiriu*  of  rm*orilod  iniormat  ion  lor  otln  r air- 
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recorders. 
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transponder  replies  are  resolved  inti>  range  and  arinuilh  at  o-uh  radar  .-ito.  For 
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Thi*  ti>i-hnlcpu>  ii!U‘d  lo  di-l  frnii  lU'  thf  airrrall  niotlon.s  Involves  smoothlnp,  of 
the  raw  radar  data.  Thesi-  smnut  hed  results,  in  I'oinb  Innt  I on  with  other  available 
Infornuitlon  (wind  profiles  and  alreraft  performance  data),  are  used  to  derive 
the  expanded  set  of  data  (tip,.  1). 

Several  types  of  smoothlnp,  teclinlques  (c‘.p.  , least  squares,  Kalman  filter/ 
HUK^others,  etc.)  are  currently  under  evaluation  at  Ames.  The  smoothing  tech- 
nique used  for  the  results  in  this  report  Is  based  on  a c ubi«'  Itsist-squarc  fit 
to  the  recorded  raw  data  (ref.  4).  This  moving-arc  procedure  provides  a 
smoothed  time  history  of  the  aircraft  position  (x,  y,  h) , the  Inertial  veloci- 
ties (x,  y,  fi)  and  accelerations  (x,  y,  h).  A transformation  of  the  inertial 
velocities  provides  a direct  calculation  oi  the  ground  speed,  the  track  angle, 
and  the  flight-path  angle.  Using  the  known  winds ' (usually  recorded  twice  a day 
at  lo'uil  weather  stations),  these  Inertial  data  are  transformed  to  the  aircraft 
stability  axes  to  provide  true  airspeed,  the  component  of  force  along  the  air- 
speed vector  (thrust-drag),  the  component  of  force  normal  to  the  airspeed  vector 
(lift),  and  ti.e  orientation  of  the  total  force  vector  (roll  angle).  The  derived 
quantities  which  have  been  discussed  so  far  are  aircraft  lnd<*pendent.  Further 
derivations,  based  on  aircraft  dependent  performance  data,  can  determine  the 
aircraft  angle  of  attack,  which  is  used  in  a transl ormat ion  from  the  stability 
axes  to  derive  the  pitch  and  heading  angles. 

Thus,  time  histories  can  be  derived  ol  altitude,  airspeed,  attitude  angles 
(pitch,  roll,  and  heading),  and  acceleration  forces  (lift,  thrust-drag).  The 
accuracy  of  the  derived  information,  however,  will  depend  on  several  factors, 
such  as  the  aircraft  speed,  the  type  of  maneuvers  being  performed,  the  distance 
from  the  radar  site,  wind  uncertainties,  aircraft  performance  uncertainties, 
etc.  The  following  examples  illustrate  the  accuracy  of  the  technique. 


CV-990  FLIGHT-TEST  EXPERIMENTS 


In  the.se  experiments  (tig.  4),  the  quantities  derived  from  ATC  radar 
records  are  compared  with  the  actual  values  measured  by  the  Instrumentation  sys- 
tem onboard  the  CV-990  aircraft.  Figures  5 and  6 show  representative  compari- 
sons of  the  radar-derived  data  (dotted  lines)  with  the  corresponding  onboard 
measurements  (solid  lines).  Measurements  Included  air  data  (altitude  and  air- 
speed), accelerometer  (lift  and  thrust-drag)  and  Inertial  platform  (pitch,  roll, 
and  heading  angles)  time  histories. 

The  experlm»-ntfil  results  presented  in  llgtire  !>  were  derived  I rom  ARTS  111 
radar  records  obtained  during  CV-990  flight  operations  at  tlu*  L<is  Angeles 
terminal.  These  records  include  a landing  approach  to  about  bO  m above  the 
runway,  followed  by  a go— around  and  a ISO”  turn.  These  radar  data  were  lecorded 
once  each  4 . 7 sec . 

The  experimental  results  in  figure  b were  derived  1 rom  NAS  Stage  A (t).ikland 
Center)  radar  records  ol  the  tlV-990  descending  liitti  the  Sto<'kl'Ui,  (.aliltunia 
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airport.  These  records,  obtained  during  normal  flight  operations,  begin  from  a 
cruise  condition  at  an  altitude  of  about  10  km,  followed  by  routine  trim  changes 
and  descending  turns  down  to  an  altitude  of  about  3 km.  These  radar  data  were 
recorded  once  each  12  see. 

The  accuracy  of  the  quantities  derived  from  both  radar  systems  have  the 
same  general  trends.  There  is  poor  accuracy  in  some  of  the  quantities  derived 
during  rapid  orientation  changes  of  the  aircraft;  however,  there  Is  relatively 
good  accuracy  In  most  of  the  quantities  derived  during  the  steadier  portions  of 
flight. 


The  errors  that  occur  during  rapid  orientation  change  are  found  primarily 
in  the  values  of  lift,  pitch,  and  roll  angle.  Rapid  changes  in  these  variables 
can  go  undetected  because  of  the  large  time  span  (4.7  to  12  sec)  between  the 
radar  records. 

During  the  steadier  portion  of  the  flight  (e.g.,  steady  turns,  ascent, 
descent,  etc.),  most  of  the  derived  data  are  obtained  with  remarkably  good 
accuracy.  These  radar-derived  data  are  generally  of  sufficient  accuracy  to 
P^^®vide  important  information  in  the  analysis  of  aircraft  accidents.  One 
representative  application  in  an  accident  analysis  is  illustrated  next. 


APPLICATION  WITH  ACTUAL  ACCIDENT  RECORDS 


This  example  is  based  on  ATC  radar  data  available  from  an  airliner  accident 
near  Thlells,  New  York,  on  December  1,  1974.  This  aircraft,  on  a climbout  from 
JFK,  stalled  at  an  altitude  of  about  8 km  and  entered  an  uncontrolled,  spiral- 
ling descent  into  the  ground.  The  stall  was  precipitated  by  an  erroneous  air- 
speed indication  which  had  resulted  from  blockage  of  the  pitot  heads  by  atmo- 
spheric icing  (ref.  5). 

Radar  data  were  available  during  the  climbout,  stall,  and  the  initial  por- 
tion of  the  uncontrolled,  spiralling  descent.  Only  limited  radar  data  were 
available  during  the  later  stages  of  descent,  below  about  6 km,  b«o.-^use  of 
intermittent  transponder  returns.  A derived  time  history  of  the  aircraft 
motions  is  presented  in  figure  7 (dotted  lines) . Also  shown  for  comparison  are 
the  four  quantities  (altitude,  airspeed,  normal  force,  and  heading)  available 
from  the  onboard  foil-type  flight  recorder. 

The  comparison  of  the  radar-derived  airspeed  with  the  onboard  airspeed 
measurement  clearly  shows  the  time  at  which  the  pitot  head  became  blocked  with 
Beyond  that  time,  the  radar-derived  data  indicate  a decreasing  airspeed 
that  reached  a minimum  near  the  stall  and  then  increased  during  the  descent. 

The  values  of  normal  force  derived  from  the  radar  data  generally  agree  with  the 
onboard  measurement,  except  that  the  radar  data  cannot  reproduce  the  short-term 
peak  excursions  which  are  actually  experienced  by  the  aircraft.  The  values  of 
pitch  angle  derived  from  the  radar  data  indicate  a maximum  angle  of  about  27® 
during  stall,  followed  by  values  as  steep  as  -25®  during  the  initial  portion  of 
descent.  The  values  of  roll  and  heading  angles  derived  from  the  radar  c • a 
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CUKUiari'  LIMITATIONS  AND  FUTIIKK  TRENDS 


The  preceding,  l*xaIllp)e^i  (lips,  b to  7)  have  illustrated  the  capability  of 
deriving  time  hlHtin"li\s  of  I he  aircraft  motions  from  ATC  radar  recordings.  How- 
ever, the  cxperit*nct»  gained  through  analyzing  the  CV-990  data  and  through 
applications  to  aciidenl  investigations  indicates  certain  limitations  in  the  use 
of  ATC  radar  rec'ordings  for  the  analysis  of  aircraft  dynamics.  As  noted 
earlier,  the  slow  data  rate  from  radar  recordings  precludes  the  determination  of 
rapid  orientation  changes  of  the  aircraft.  Radar  data  also  may  have  voids  (no 
transponder  returns)  during  some  extreme,  uncontrolled  maneuvers,  such  as 
spiralling  descents.  AJso,  current  ATC  radar  recordings  do  not  provide  coverage 
of  all  aircraft  operations.  For  instance,  radar  coverage  generally  does  not 
extend  to  the  ground  level  (for  ground  roll,  liftoff,  touchdown,  etc.)  and  may 
not  be  available  in  remote  areas. 

In  spite  of  the^^e  limitations,  ATC  radar  records  can  provide  an  important 
source  of  data,  both  to  complement  the  flight-data  recorders  onboard  airliners 
and  to  provide  a source  of  rec  .rded  information  for  other  types  of  aircraft  not 
equipped  with  onboard  recorders.  At  the  present  time,  only  about  1.5  percent  of 
the  total  aircraft  In  the  United  States  have  onboard  flight-data  recorders; 
whereas,  about  30  percent  have  Mi>de-C  transponders.  The  number  of  aircraft  with 
Mode-C  transponders  is  expected  to  grow  to  between  70  and  80  percent  of  the 
total  aircraft  fleet  in  the  next  few  years  (ref.  6).  Because  of  this  rapidly 
increasing  number  of  aircraft  with  Mode-C  transponders  (fig.  1),  the  number  of 
flight  operations  which  can  be  analyzed  by  ATC  recordings  is  steadily  growing. 

A look  into  the  ftiture  also  indicates  that  several  features  of  the  Upgraded 
Third  Generation  ATC  System  (refs.  6 to  8) , which  is  now  undergoing  evaluation 
by  the  Federal  Aviation  Agency,  xtuxy  ease  some  of  the  limitations  noted  above  and 
could  provide  additional  sources  of  data  for  use  in  accident  investigations 
(fig.  8).  For  instance,  th<‘  advanced  transponders  could  provide  Increased 
accuracy  and  Increase  the  number  of  downlinked  quantities.  The  proposed  termi- 
nal surveillance  systems  could  extend  coverage  to  the  ground  and  provide 
increased  accuracy  and  higher  data  rates.  The  proposed  space  satellite  ATC 
systems  could  provide  covoragt*  over  the  ocean  and  eventually  provide  worldwide 
coverage.  These  futurt*  trends  of  increased  coverage,  better  accuracy,  higher 
data  rates,  and  an  Increased  numbi^r  of  downlinked  quantities,  along  with  the 
growing  number  of  aircraft  with  transponders,  imply  Increasing  (capabilities  for 
the  use  of  ATC  r<*cords  in  accident  investigation. 


CONCI.lIDlNt;  REMARKS 


This  paper  has  presented  some  results  based  on  a Itudmique  for  derlviur, 
time  histories  of  additional  ai  re*  raft  states  from  ATC  radar  records  of  x and  y 
position  and  altitude*.  This  tiH'hnique  sm<M>ths  tlu*  raw  radar  data  and,  using 
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oIIkt  available  information  (wind  profiles  and  aircraft  performance),  derives 
an  expanded  set  of  data  which  Includes  airspeed,  lift,  thrust-drag,  pltc’lj,  roll, 
and  lieadlng  angles,  etc. 

Applications  in  this  paper  illustrate  that  the  largest  errors  In  the 
derived  data  occur  during  rapid  orientation  changes  of  the  aircraft.  For  the 
steadier  portions  of  flight  (ascent,  descent,  turns,  etc.)  the  derived  quanti- 
ties are  generally  of  sufficient  accuracy  to  provide  Important  Information  in 
the  analysts  of  aircraft  accidents. 
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Figuie  1.-  Two  sources  of  accident  recordings. 
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Figure  3.-  Data  expansion  from  ATC  radar  recordings. 
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4.-  Evaluation  of  radar  derived  data  using  CV-990  measurements 
as  a standard  for  comparison. 
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Figure  5.-  ARTS  III  radar  derived  data  compared  with  cV-9'^0  measurements 
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Figure  6.-  NAS  Stage  A radar  derived  data  compared  with  CV-990  measurements 
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STATUS  OF  RUNWAY  SLIPUKRINESS  RESEARCH 
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Swn-IARY 

Runway  slipperiness  research  performed  in  the  United  States  and  Europe 
since  1968  has  been  reviewed.  This  review  suggests  the  following  benefits 
to  the  aviation  community:  Better  understanding  of  the  hydroplaning  phe- 

nomena; a method  for  predicting  aircraft  tire  performance  on  wet  runways 
from  a ground-vehicle  braking  test;  runway  rubber  deposits  identified  as  a 
serious  threat  to  aircraft  operational  safety;  methods  developed  for 
removing  rubber  deposits  and  restoring  runway  traction  to  uncontaminated 
surface  levels;  and  developed  antihydroplaning  runway  surfaces,  such  as 
pavement  grooving  and  porous  friction  course,  which  considerably  reduce 
the  possibility  of  encountering  aircraft  hydroplaning  during  landings  in 
rainstorms. 


INTRODUCTION 

Extensive  research  has  been  performed  In  the  United  States  and  Europe 
since  1968  in  an  effort  to  combat  problems  relative  to  aircraft  operations 
on  slippery  runways.  This  research  has  led  to  a more  complete  under- 
standing of  the  sources  of  these  operating  problems  and,  as  a result. 
Improved  methods  are  being  Introduced  to  control  or  alleviate  these  prob- 
lems. The  purpose  of  this  paper  is  to  review  the  present  status  of  runway 
slipperiness  research  in  the  following  areas  of  interest: 

(1)  Runway  flooding  during  rainstorms 

(2)  Hydroplaning 

(3)  Identification  of  slippery  runways  including  the  results  from 
ground  vehicle  friction  measurements  and  attempts  to  correlate 
these  measurements  with  aircraft  stopping  performance 

(4)  Progress  and  problems  associated  with  the  development  of 
antihydroplaning  runway  surface  treatments  such  as  pavement 
grooving  and  porous  friction  course  (PFC) 

(5)  Runway  rubber  deposits  and  their  removal 
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RUN1-/AY  r’l.OODINC  DURINC  RAINSTORMS 

Durini’.  1971,  the  Texas  TrnnRiiortat  Ion  Institute  Crri),  T is  AI  University, 
publiahed  the  j-enultR  of  a comprehensJ  V(^  study  an  the  el  l ects  oi  r.i ' II 
Intensity,  pavement  croHR  slope,  surlace  texture,  and  drainaf.  lei  a pave- 

ment water  depths  (ref.  1).  From  the  TTl  study,  an  ecpi.'zlon  e tu  . .Ived  to 
predict  the  rainfall  IntenRlty  recpiired  to  Initiate  f’l  '.n)'.  . raft  tire 

paths  on  the  runway  as  lollows: 


For  SI  Units; 


Ip  » 1.253  X 10- 


,.89 


L‘^^(l/S)*^‘ 


1.695 


(la) 


For  U.S.  Customary  Units: 


Ip  = 1.543  X 10 


,.89 


1.695 


(lb) 


where 


T 

L 


rain  rate  required  to  initiate  runway  flooding  in 
tire  path,  mm/ht  (in/hr) 

pavement  surface  texture  depth  (ATD) , mm  (in.) 

tire  path  distance  from  runway  crown,  m (ft) 

runway  cross  slope,  m/m  (ft/ft) 


It  should  be  noted  that  equations  (1)  are  derived  from  data  obtainr ’ on  ungrooved 
pavements  and  from  pavements  that  have  not  been  treated  with  a ponu  a Iriotlon 
course.  Figure  1 illustrates  how  equations  (1)  can  be  used  to  predict  whether 
a flooded  runway  condition  will  exist  for  a typical  Jet  transport  landing  on 
the  runway  center  line  during  a rainstorm.  The  trends  shown  in  tigurc  1 suggest 
that  a pavement  must  be  provided  with  a good  cross  slope  and  a good  surlacc 
texture  to  minimize  the  risk  of  runway  flooding  and  dynamic  hydroplaning  occui- 
ring  to  aircraft  during  take-off  and  lamling  in  rainstorms. 


Effect  of  Surface  Winds  on  Drainage 

Surface  winds,  when  present  on  runways,  can  appreciably  affect  runway 
drainage  bv  changing  the  direction  of  water  flow  off  the  side  of  the  runway 
tends  to  increase  the  drainage  path  length  and  increase  runway  water  deptlis, 
Observations  of  water  dralna!;e  from  a number  of  runways  using  a 


wh  1 c h 


dve  test  (sodium 
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fluorescein  dye  Injected  into  draining  water  on  the  runway  to  Improve  flow 
visualization)  suggest  that  surface  winds  do  not  appreciably  affect  water  drain- 
age from  runways  as  long  as  the  draining  water  Is  flowing  below  the  top  of  the 
pavement  texture.  Surface  winds  do  affect  water  drainage  from  runways  when 
flooded  conditions  exist  and  the  water  Is  flowing  as  a sheet  above  the  top  of 
the  pavement  texture.  In  the  latter  case,  the  water  drainage-path  angle  with 
respect  to  the  runway  center  line  Is  determined  from  the  vector  sum  of  the  wind 
and  gravitational  forces  acting  on  the  water.  Typical  examples  of  this  behavior 
are  shown  In  figure  2 (ref.  2)  where  the  water  drainage  patterns  (from  a dye 
test)  obtained  on  a conventional  burlap  drag  and  a wire-combed  (plastic  grooved) 
concrete  runway  surfaces  during  artificial  wetting  tests  performed  in  a 10-knot 
surface  wind  are  compared.  The  average  texture  depth  (ATD)  of  the  ungrooved 
burlap  drag  surface  wa?  0.28  mm  (0.011  in.)  as  measured  by  the  NASA  grease  test. 
This  texture  depth  was  insufficient  to  prevent  surface  flooding  under  the 
artificial  wettiiig  conditions,  and  the  water  drainage  path  direction  was  rotated 
toward  the  runway  center  line  by  the  action  of  the  surface  wind.  Under  the 
same  surface  wetting  and  wind  condition,  the  grooved  concrete  surface  with  an 
ATD  of  0.81  mm  (0.032  in.)  allowed  most  of  the  draining  water  to  flow  below  the 
top  of  the  surface  texture  (unaffected  by  wind).  As  a consequence,  the  water 
drainage  path  on  this  surface  was  nearly  inline  with  the  transverse  grooves 
and  the  runway  cross  slope. 


Flooding  on  Grooved  Runways 


NASA  has  constmcted  a concrete  runway  4372  m (15  000  ft)  long  and  91  m 
(300  ft)  wide  at  the  Kennedy  Space  Center  (KSC)  for  the  space  shuttle.  (See 
fig.  3.)  A longitudinal  broom  surfacing  treatment  was  given  the  fresh  concrete 
as  it  was  paved  by  a slip-form  paver  (fig.  4).  The  concrete  runway  surface 
several  months  after  paving  was  grooved  by  diamond  saws  to  a transverse 
29  X 6 X 6 mm  (1^  ^ ^ ^ pattern  with  the  resulting  surface  texture 

shown  in  figures  5 and  6.  The  Langley  Research  Center  (LaRC)  performed  drainage 
and  traction  studies  on  the  space  shuttle  runway  in  June  1976. 


On  June  20,  1976,  the  Cape  Canaveral  area  was  subjected  to  a series  of 
thunderstorms  during  which  heavy  rain  fell  on  the  shuttle  runway.  Figure  7 
shows  the  rain  rates  and  surface  flooding  that  occurred  on  the  shuttle  runway 
during  a 30-minute  period  as  one  of  the  thunderstorms  passed  over  the  runway. 

The  space  shuttle  runway  is  oriented  in  a north/ south  direction;  a wind  of 
approximately  10  knots  magnitude  from  the  southwest  was  observed  during  the 
storm.  For  this  wind  condition,  the.  data  in  figure  7 show  that  a rain  rate  of 
approximately  81  mm/hr  (3.2  in/hr)  li.  squired  to  start  runway  flooding  in  the 
shuttle  main  gear  tire  paths  (landing  on  runway  center  line) . 

The  predicted  rain  rate  (from  eqs.  (1))  required  to  flood  the  runway  in  the 
shuttle  main  tire  path  is  47.1  mm/hr  (1.85  in/hr).  This  difference  between 
observed  (81  unn/hr  (3.2  in/hr))  and  estitnated  (47.1  mm/hr  (1.85  in/hr))  rain 
rates  gives  added  weight  to  features  long  observed  on  runways  grooved  with  a 
diamond  saw  technique;  that  is,  the  polished  groove  channels  (from  the  diamond 
saw  cuts)  greatly  reduce  water  flow  resistance  over  water  draining  through  and 
over  the  comparatively  much  rougher  texture  of  conventional  surface  treatments. 
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draining  water  is  forced  by  the  groove  channels  to  take  the 
shortest  dral^ge  path  (down  the  grooves)  off  the  runway  edge  even  on  runways 
rJu  slope.  As  a consequence,  water  drainage  from  runways  grooved 

with  the  dl^ond  saw  technique  is  greatly  Increased  over  ongrooved  runway 

believed  that  plastic  grooving  techniques  are 
not  as  effective  as  the  sawed  groove  technique  for  water  drainage  because  the 
grooves  can  be  Interrupted  or  mlsallned  at  paving  lane  edges  and  the  groove 
channels  have  rougher  wall  surfaces.  ^ 


Flooding  on  Porous  Friction  Course  Runways 

drainage  from  the  porous  friction  course  (PFC)  runway  at  Famborough. 

during  a heavy  rain  in  1965  and  the  runway  did 
surfaces  did.  Most  PFC  surfaces  are 
thick  and  have  void  ratios  ranging  between  0.1  and  0.15,  which 
give  this  surface  treatment  a high  water  storage  capacity  before  the  surface 
floods.  However,  water  drainage  over  and  through  this  surface  treatment  is 
terstitlal  with  many  abrupt  flow  direction  changes  as  well  as  rough  flow 
surfaces.  Consequently,  the  drainage-path  lengths  will  be  longer  for  a PFC 
surface  than  for  a grooved  surface,  especially  on  runways  with  longitudinal 
s ope.  Fw  these  reasons,  it  is  believed,  but  not  yet  substantiated,  that  PFC 
wrfaces  will  not  drain  water  from  runways  as  effectively  as  grooved  surfaces 
^diamond  saws)  during  prolonged  rainfalls  having  high  rainfall  rates. 


HYDROPLANING 


The  three  presently  known  types  of  hydroplaning  were  first  defined  in 
reference  2,  that  is,  dynamic,  viscous,  and  "reverted”  rubber  hydroplaning. 
Continuing  research  on  hydroplaning  since  that  time  has  in  general  supported  the 
conclusions  r^ched  in  reference  2.  However,  this  later  research  has  shown  new 
aspects  of  hydroplaning  that  are  significant  and  of  importance  to  describe. 


Wheel  Spln-Up  Speed 

* 11  Early  (1960)  NASA  track  hydroplaning  research  was  conducted  by  rolling 
full-size  unbraked  aircraft  tires  across  dry  and  flooded  runway  sections.  The 
aircraft  tire  spun  up  at  touchdown  on  the  dry  pavement  and  then  entered  the 
flooded  runway  section  at  synchronous  runway  wheel  speed  and  subsequently  spun 
dom  or  stopped  completely  when  the  carriage  speed  equaled  or  exceeded  the  tire 
hydroplaning  speed.  This  type  of  test  defined  the  well-known  tire  hydroplaning 
speed  equation  (ref.  3),  which  is  given  as  follows; 

For  SI  Units: 


('^p)  spin-down  * 3.43  V^p 


(2a) 
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For  U.S.  Customary  Units: 


(^p)  spin-down  ^ 


(2b) 


where 

(M  spin-down  spin-down  hydroplaning  speed,  knots 

2 

p tire  inflation  pressure,  kPa  (Ib/in  ) 

Since  1960,  the  aircraft  industry  has  used  this  equation  to  define  the 
hydroplaning  speed  for  particular  aircraft  and  aircraft  flight  manuals.  Starting 
in  1970,  investigation  of  aircraft  hydroplaning  accidents  suggested  that  the 
spin-up  hydroplaning  speed  for  a nonrotating  aircraft  tire  (as  at  aircraft 
touchdown)  might  be  lower  in  magnitude  than  the  speed  predicted  by  equations  (2) 
for  a rolling  unbraked  tire.  (See  refs.  4 and  5.)  As  a consequence,  refer- 
ences 6 and  7 defined  the  tire  wheel  spin-up  hydroplaning  speed  on  flooded 
runways  as 

For  SI  Units: 


(''P)  spln-up  = 2-” 
For  U.S.  Customary  Units: 

('^p)  spin-up  * ^ ^ ^ 


(3a) 


(3b) 


when's 

('^p)  spin-up  spin-up  hydroplaning  speed,  knots 

2 

p tire  inflation  pressure,  kPa  (Ib/in  ) 

Additional  verification  of  this  new  hydroplaning  equation  (eqs.  (3))  is  given 
in  reference  8 and  shown  in  figure  9.  It  is  important  that  aircraft  flight- 
manual  hydroplaning  speeds  be  changed  to  reflect  the  values  given  by  equa- 
tions (3)  since  this  hydroplaning  speed  represents  the  actual  fire  situation 
for  aircraft  touchdown  on  flooded  runways. 


Reverted  Rubber  Hydroplaning 

Reverted  rubber  hydroplaning  was  first  recognized  and  defined  from  friction 
data  produced  at  the  Langley  landing- loads  track  (ref.  2),  now  called  the 
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Langley  aircraft  landing  loads  and  traction  facility,  and  from  Investigation  of 
NTSB  (National  transportation  Safety  Board)  aircraft  skidding  accident  reports 
prior  to  1965.  (Data  from  the  Langley  landing-loads  track  or  the  Langley  air- 
craft landing  loads  and  traction  facility  are  herein  after  designated  "NASA 
track  data,"  and  the  facility  is  designated  "NASA  track.")  Full-scale  aircraft 
verification  of  the  extremely  low  friction  values  encounteired  during  reverted 
rubber  hydroplaning  did  not  occur  until  the  aircraft  flight  test  programs  that 
are  reported  in  references  9 to  11.  These  flight  test  programs  were  conducted 
in  1971-73.  Figure  10  shows  the  reverted  rubber  skid  patch  developed  on  a 
B-/37  tire  during  a landing  run  on  the  artificially  wet  runway  at  Roswell, 

New  Mexico,  after  an  approximately  1829-m  (6000-ft)  slide-out  with  all  four 
main  gear  tires  of  the  B-737  in  a locked -wheel  condition.  Figure  11  shows  the 
comparison  between  the  Langley  friction  results  of  1965  and  the  B-727  (1971) 
and  the  B-737  (1973)  full-scale  braking  tests.  The  aircraft  friction  data 
shown  in  this  figure  completely  validate  the  1965  NASA  track  data  and  confirm 
the  belief  that  the  reverted  rubber  skid  mode  is  the  most  catastrophic  for  air- 
craft operational  safety  because  of  the  low  braking  friction  and  the  additional 
fact  that  tire  cornering  capability  drops  to  zero  when  wheels  are  locked.  (See 
ref.  8.) 

The  reverted  rubber  hydroplaning  condition  is  limited  to  aircraft  using 
high  tire  Inflation  pressures.  This  phenomenon  has  not  been  observed  on  ground 
vehicles  employing  low  tire  Inflation  pressures  of  165  kPa  (24  lb/ln2)  or  less 
when  vehicle  wheels  are  locked.  Reverted  rubber  hydroplaning  develops  only 
when  prolonged  wheel  lockups  occur  which  stem  from  pilot /antiskid  braking  system 
Inputs.  Thus,  the  avoidance  of  reverted  rubber  hydroplaning  must  rest  with 
Improving  pilot  braking  procedures  and  with  improving  locked-wheel  protection 
circuits  of  aircraft  antiskid  braking  systems.  (See  ref.  8.) 


Combined  Viscous  and  Dynamic  Hydroplaning 

Most  researchers  now  agree  that  the  loss  of  tire  friction  on  wet  or  flooded 
pavements  with  speed  is  due  to  the  combined  effects  of  viscous  and  dynamic 
hydroplaning  phenomena  acting  in  the  tire  footprint  as  shown  in  figure  12.  The 
tire  hydroplaning  model  shown  in  this  figure  was  first  proposed  by  Gough  in 
1959  in  reference  12.  (See  also  ref.  13.)  The  footprint  and  sketch  in  this 
figure  show  a pneumatic  rolling  at  medium  speed  across  a flooded  pavement.  For 
this  partial  hydroplanirg  condition,  zone  1 describes  the  fraction  of  the  tire 
footprint  that  is  supported  by  bulk  water,  zone  2 describes  the  fraction  of  tire 
footprint  that  is  supported  by  a thin  water  film,  and  zone  3 describes  the 
traction  of  the  tire  footprint  that  is  in  essentially  dry  contact  with  the  peaks 
of  the  pavement  surface  texture.  The  length  of  zone  1 represents  the  time 
required  for  the  rolling  tire  for  this  speed  condition  to  expel  bulk  water  from 
under  the  footprint;  correspondingly,  the  length  of  zone  2 represents  the  time 
required  for  the  tire  to  squeeze  out  the  residual  thin  water  film  remaining 
under  the  footprint  after  the  bulk  water  has  been  removed.  Since  fluids  cannot 
develop  shear  forces  of  appreciable  magnitude,  it  is  only  in  zone  3 (essentially 
dry  region)  that  traction  forces  for  steering,  decelerating,  and  accelerating 
a vehicle  can  be  developed  between  the  tire  and  the  pavement.  The  ratio  of  the 
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dry  contact  area  (zone  3)  to  the  total  tire  footprint  area  (zone  1 •¥  zone  2 
+ zone  3)  multiplied  by  the  friction  coefficient  the  tire  develops  on  a dry 
pavement  yields  the  friction  coefficient  the  tire  can  develop  for  this  flooded 
pavement  and  speed  condition. 

As  speed  Is  Increased,  a point  is  reached  where  zone  3 disappears  and  the 
entire  footprint  is  supported  by  either  bulk  water  or  a thin  water  film*  This 
speed  condition  Is  called  combined  viscous  and  dynamic  hydroplaning.  As  speed 
Is  further  Increased  a point  Is  reached  where  bulk  water  penetrates  the  entire 
tire  footprint.  This  condition  is  called  dynamic  hydroplaning.  If  the  runway 
is  not  flooded  (no  bulk  water)  such  as  on  a runway  covered  with  a heavy  dew,  it 
is  possible  for  zone  2 to  cover  the  entire  tire  footprint  at  speed  if  the  pave- 
ment is  very  smooth.  This  condition  is  called  viscous  hydroplaning* 


Water  Pressure  Propagation  Under  the  Tire  Footprint 

NASA  track  research  (ref.  2)  shows  that  the  fluid  pressure  developed  in 
the  bulk  water  (zone  1)  region  of  the  footprint  follows  a v2  law  and  stems 
from  fluid  inertial  or  density  properties  as  shown  in  figure  12.  Correspondingly, 
this  research  shows  that  the  fluid  pressure  developed  in  zone  2 (fig*  12)  stems 
from  fluid  viscous  properties;  hence,  the  names  dynamic  and  viscous  hydroplaning 
are  used  to  describe  the  hydroplaning  phenomena. 


Pavement  Macro/Microtexture  Effects  on  Hydroplaning 

When  flooding  on  a runway  occurs,  the  pavement  surface  macrotexture  plays 
the  Important  role  of  providing  escape  channels  to  drain  bulk  water  from  zone  1 
(fig.  12).  The  drainage  channels  are  provided  by  the  tire  tread  draping  over 
the  high  spots  (asperities)  of  the  pavement  surface  texture  leaving  valleys 
between  the  tire  tread  and  the  low  points  of  the  surface  texture  through  which 
bulk  water  can  easily  drain  out  from  under  the  tire  footprint.  Bulk  water 
drainage  through  the  pavement  macrotexture  thus  delays  to  much  higher  speeds 
the  buildup  of  fluid  dynamic  pressure  with  speed  found  for  pavements  with  no  or 
poor  macrotexture.  This  effect  is  illustrated  in  figure  12  for  smooth  and 
grooved  pavements.  The  macrotexture  of  a pavement  can  be  assessed  to  some 
degree  by  methods  such  as  the  NASA  grease  test  (ref.  lA),  the  British  sand  patch 
test  (ref.  15),  and  the  Texas  Transportation  Institute  silicone  putty  test 
(ref.  16). 

Providing  the  pavement  with  a good  microtexture  is  the  major  means  of 
combating  viscous  hydroplaning  or  preventing  the  development  of  viscous  fluid 
pressures  in  zone  2 of  the  tire  footprint.  (See  fig.  12.)  Pavement  microtcxture 
is  difficult  to  detect  by  eye  but  can  usually  be  determined  from  touching  the 
surface.  A good  pavement  microtexture  has  a sharp-harsh-gritty  feel  such  as 
obtained  when  touching  fine  sandpaper.  The  touch  test  is  qualitative  and  not 
infallible  and  should  be  confirmed  by  ground  vehicle  friction  tests  under  wet 
conditions.  Pavement  microtexture  performs  its  function  by  providing  the  pave- 
ment surface  thousands  of  sharp  pointed  projections  that,  when  contacted  by  the 
tire  tread,  generate  local  bearing  ptessirres  of  several  thousand  Pa  (lb/in2). 
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This  intense  pressure  quickly  breaks  down  the  thin  water  film  coating  the  pave- 
ment surface,  and  allows  the  tire  to  regain  dry  contact  with  the  high  points  of 
the  pavement  surface  texture. 


Tire  Effects  on  Hydroplaning 

The  footprint  of  the  tire  can  be  considered  analogous  to  the  wing  on  an 
aircraft;  both  are  lifting  surfaces,  the  wing  to  support  the  weight  of  the  air- 
craft in  flight  through  the  atmosphere  and  the  tire  footprint  to  support  the 
weight  of  the  vehicle  during  hydroplaning  on  a wet  or  flooded  pavement.  Wings 
of  high  aspect  ratio  (wing  length/chord  length)  reduce  tip  losses  and  produce 
the  highest  lift  coefficient  to  support  the  aircraft  in  flight.  Research  shows 
the  same  trends  for  tire  footprints.  Smooth  tread  tires  having  high-aspect- 
ratio  footprints  (footprint  width/footprint  length)  for  similar  conditions  of 
flooded  pavement,  load,  and  inflation  pressure  will  hydroplane  at  lower  vehicle 
speeds  than  tires  with  low-aspect-ratio  footprints.  The  aspect  ratio  of  the 
tire  footprint  is  governed  by  the  shape  of  the  tire  cross  section  or  the  ratio 
of  tire  section  height  to  section  width  (also  called  the  tire  aspect  ratio). 

Molding  grooves  (channels)  in  the  tire  tread  at  time  of  construction  is 
the  tire  designers  equivalent  of  pavement  macrotexture.  The  tread  grooves  in 
the  tire  footprint  are  vented  to  atmosphere  and  provide  escape  channels  for  the 
bulk  water  trapped  in  zone  1 (fig.  12).  Tread  grooves  thus  raise  the  critical 
water  depth  required  for  a tire  to  suffer  dynamic  hydroplaning,  and  for  water 
depths  less  than  the  critical  depth,  raise  the  tire  hydroplaning  speed.  It 
should  be  noted  that  the  benefits  from  grooving  the  tire  tread  decrease  in 
proportion  to  tread  wear  (depth  of  groove)  and  vanish  when  the  groove  depth 
decreases  to  1.6  mm  (1/16  in.)  or  less.  The  tire  designers  equivalent  of 
pavement  microtexture  is  to  cut  or  mold  kerfs  or  slpes  into  the  tread  ribs  that 
lie  between  the  tread  grooves.  The  purpose  of  these  features  is  to  greatly 
increase  the  nximber  of  sharp  edges  of  tread  contact  with  the  pavement  that  are 
provided  by  the  tread  grooves.  Contact  of  the  pavement  surface  at  these  sharp 
cornered  tread  sipe  and  groove  edges  creates  local  bearing  pressures  sufficiently 
high  to  quickly  breakdown  and  displace  the  thin  water  film  (zone  2,  fig.  12) 
that  creates  viscous  hydroplaning. 

The  vertical  load  acting  on  a tire  divided  by  the  tire  footprint  area 
determines  the  average  tire-pavement  contact  pressure.  For  smooth  tread  tires, 
this  contact  pressure  is  approximately  equal  or  proportional  to  the  tire  infla- 
tion pressure.  The  difference  in  the  pressure  within  and  without  (atmospheric 
pressure)  the  tire  footprint  creates  forces  which  expel  the  water  trapped  in 
the  tire-pavement  contact  zone  at  velocities  which  are  proportional  to  the 
square  root  of  the  tire  tread-pavement  contact  pressures.  Thus,  increasing  the 
inflation  pressure  in  a tire  increases  the  rate  of  flow  of  water  drainage  out 
of  the  footprint  and  raises  the  tire  hydroplaning  speed.  When  grooves  are  cut 
or  molded  into  a tire  tread  to  form  a tread  pattern,  the  area  of  actual  rubber 
contact  with  the  pavement  in  the  tire  footprint  is  reduced.  The  result  is  that 
the  contact  pressures  on  the  ribs  of  the  tread  pattern  ate  increased  which 
increases  the  rate  of  flow  of  water  draining  out  of  the  footprint.  This  fact 
explains  the  effectiveness  of  tire  tread  patterns  in  improving  wet  traction  or 
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hydropUning  effects  on  wet  or  flooded  pavements  to  higher  speeds.  It 
should  be  noted  that  while  tire  tread  designs  can  reduce  wet  runway  traction 
losses,  the  improvements  obtained  are  relatively  small  in  comparison  to  what 

providing  the  pavement  with  a good  micro/macrotexture 
^.ret.  7)f  and  these  improvements  disappear  when  the  tread  becomes  worn. 


Tire  Operating  Mode  Effects  on  Hydroplaning 

operating  mode  is  controlled  by  the  vehicle  operator  (pilot  or 
driver).  Deposing  upon  the  maneuver  required,  the  vehicle  tires  may  be  under- 
go ng  free  rolling,  braked  rolling,  yawed  rolling,  powered  rolling,  a cond>ina- 
tlon  of  braked  and  yawed  rolling,  or  a combination  of  powered  and  yawed  rolling. 
Max^m  lateral  or  steering  forces  for  the  tire  occur  when  the  tire  is  neither 
braked  nor  powered  (driven  by  the  engine) . Correspondingly,  maximum  traction 
for  acc^^atlng  or  decelerating  the  vehicle  develops  when  the  vehicle  is  moving 
ahead  (unyawed)  and  the  tires  are  not  developing  lateral  forces  to  wlth- 
iTti/  to  conduct  a turning  maneuver.  If  the  driver  applies  power 

k4-i4!?*  driving  wheels  in  excess  of  the  tire-pavement  friction  capa- 

oiiity,  the  tire  loses  its  grip  on  the  pavement,  and  the  wheel  will  start  to 
sp  n up  with  respect  to  the  pavement.  The  resulting  relative  motion  between  the 

conditions  increases  viscous-dynamic  hydroplaning 
effects  and  traction  for  accelerating  and  steering  the  vehicle  is  greatly 
reduced.  On  the  other  hand,  if  the  pilot  or  driver  braking  demand  (brake  appll- 
cation)  exceeds  the  tire-pavement  friction  capability,  the  tire  loses  its  grip 
^th  the  pavement  and  rapidly  spins  down  to  a locked-wheel  condition*  This  is 
the  most  te^rdous  tire  operating  mode  for  vehicle  operational  safety  (refs.  7. 

8,  and  17)  because  the  tire  cornering  capability  drops  to  zero  even  on  dry 
^v^ents  and  vehicle  directional  stability  is  greatly  reduced.  Research  shows 
tnat  on  wet  and  flooded  pavements,  both  viscous  and  dynamic  fluid  pressures 
Incr^se  in  magnitude  under  the  sliding  tire  footprint  over  those  obtained  for 

speed  condition.  The  result  is  that  locked-wheel 
sliding  or  nonrotating  tires  have  a lower  hydroplaning  speed  than  rolling  tires 
(compare  ^s.  (2)  and  (3)).  Under  partial  hydroplaning  conditions  on  wet 
runways,  the  braking  traction  can  be  reduced  by  as  much  as  one-third  to 
tw-thirds  the  mxlmum  obtained  during  the  braked  rolling  mode  from  this  enhanced 

“iSIr!)  “ ‘'"I'ld  tor 


Prediction  of  Tire  Braking  and  Cornering  Characteristics  on  Wet  Runways 

The  description  of  the  hydroplaning  process  given  in  the  preceding  para- 
graphs was  taken  from  the  preamble  of  an  empirically  derived  combined  vlscous- 
L*^****^®”^*^®  theory  which  is  being  developed  by  Horne  (LaRC)  and  Merritt 
' 4 * «Ao»  Standards).  This  theory  is  presently  being  refined  and  tested  by 
using  NASA  track  tire  data  and  data  obtained  from  aircraft-ground  vehicle  runway 
test  programs.  The  theory  was  first  exposed  to  public  view  at  the  FAA/lndustry 
Meeting  on  Runway  Traction  and  Rational  Landing  Rule  (Washington,  D.C.), 

February  11-13,  1975.  The  theory  is  being  used  to  develop  tire-runway  friction 
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models  for  flight  simulator  research  conducted  under  NASA  Contract  (ref,  18), 
and  is  being  used  by  NASA  to  assist  NTSB  in  the  investigation  of  aircraft 
skidding  accidents  on  wet  runways. 

One  of  the  first  major  accomplishments  of  the  theory  is  the  development 
of  a simple  method  for  transforming  experimental  friction  measurements  made  by 
a vehicle  using  one  tire  operating  mode  on  a wet  pavement  to  prediction  of 
braking  and  cornering  friction  coefficients  for  other  tire  sizes  and  different 
tire  operating  modes  for  this  same  wet  pavement  condition.  The  method  is 
described  herein  with  the  aid  of  figures  13  and  14  for  the  case  of  a diagonal- 
braked  vehicle  (DBV)  friction  measurement  of  the  wet  runway  at  Roswell,  New 
Mexico,  and  the  corresponding  prediction  of  a B-737  main  gear  tire  friction 
performance  for  the  same  runway  wetness  condition. 

The  DBV  method  for  evaluating  the  slipperiness  of  wet  runways  is  to  lock 
a diagonal  pair  of  wheels  on  a four-wheel  ground  vehicle  at  a speed  of  52.2  knots 
and  decelerate  the  vehicle  to  a stop  under  both  wet  and  dry  runway  conditions. 
(See  ref.  19.)  The  wet-dry  stopping  distance  ratio  (SDR)  obtained  is  an  index 
to  the  sllpperlness  of  the  runway  surface;  the  higher  the  SDR,  the  slipperier 
the  runway  is  under  wet  conditions.  The  upper  left  plot  shown  in  figure  13 
describes  the  variation  of  DBV  ground  speed  with  time  during  a typical  DBV  test 
run  at  Roswell  during  the  B-737  flight  test  program  described  in  references  10 
and  11,  This  speed  time  history  was  differentiated  with  respect  to  time  to 
obtain  the  curve  for  DBV  Pskld  against  speed  shown  in  the  upper  right  plot 
of  figure  13.  The  values  of  DBV  Mskid  were  obtained  from  the  equation 
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(4) 


The  viscous-dynamic  hydroplaning  theory  states  that  any  experimentally 
obtained  variation  of  tire  friction  coefficient  with  speed  on  a wet  pavement 
can  be  converted  to  an  equivalent  nondlmensional  hydroplaning-parameter  (Y)— 
speed-ratio  form  (lower  left  plot  of  fig.  13)  by  means  of  the  relationships 


V 

Speed  ratio  = rp-  (6) 

''P 


where 

^'dry 

W»et 


characteristic  dry  friction  coefficient  for  tire 

experimental  or  predicted  friction  coefficient  for  wet 
pavement  conditions 


200 


1 

\ 


t 

I 


Vq  ground  speed 

Vp  characteristic  tire  hydroplaning  speed  (obtained  from  eqs,  (2)) 

Y tire-pavement  drainage  characteristic  or  hydroplaning 

parameter  for  pavement 

Y Y for  locked-wheel  sliding  (nonrotating  tire) 

Y_  Y for  braked  or  yawed  rolling  (rotating  tire) 

The  theory  defines  Pdry  as  the  maximum  friction  coefficient  obtainable  on  a 
dry  pavement  under  braked  rolling,  yawed  rolling,  or  locked-wheel  sliding 
conditions  at  low  speed  (Vq  < 2 knots).  For  aircraft  tires,  Udry 
calculated  from  the  following  equation  (derived  from  ref.  20): 


For  SI  Units: 


- 0.93  - 1.6  X 10"^  p 
For  U.*5.  Customary  Units: 

y^ry  » 0.93  - 1.1  X lO"^  p 


(7a) 


(7b) 


where 


tire  inflation  pressure,  kPa  (Ib/in  ) 


The  value  of  y^rv  for  ground-vehicle  tires  must  be  determined  experimentally. 
Typical  values  2F  y^ry  found  for  ground-vehicle  friction  measuring  devices 
are  listed  in  table  iF  If  ydry  “ 1-15  and  Vp  - 44.1  knots  (from  eqs.  (2)) 


G 


in  equations  (5)  and  (6),  respectively,  the  curve  for  DBV  5 in^^pr 

of  figure  13  is  converted  to  the  curve  for  Yl  against  Vq  shown 
left  plot  of  figure  13.  The  curve  of  5r  (rolling  tire)  sho^  in  this  latter 
plot  was  obtained  with  the  aid  of  figure  14  which  is  empirically  derived  from 
NASA  track  aircraft  tire  data  in  the  viscous-dynamic  hydroplaning  theory. 

The  theory  suggests  that  all  experimental  pneumatic  tire  friction  coeffi- 
cients (aircraft  or  ground  vehicle),  when  converted  to  nondimensional  fora, 
will  condense  along  either  the  Y^  curve  (locked-wheel  braking  tests)  or  the 
Yr  curve  (peak-braking  or  yawed-rolllng  tests)  if  the  correct  values  'dry 

and  Vp  for  the  tire  conditions  are  used,  and  the  pavement  mlcro/macrotexture 
and  wetness  conditions  remain  constant  for  the  pavement  during  the  tests. 

Prediction  of  friction  coefficients  for  any  other  tire  size  ®"d 
pressure  simply  requires  multiplying  either  Yl  or  Yr  in  figure  13  b> 
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Vc/Vp  by  the^approprlaL^valJe^of*^vr*^for’^th^°d^ 

data  point  (Y,Vr./Vp),  For  the  r 7-i7  ^ p the  desired  tire  condition  for  each 

shown  in  figu^elsf^  friction  coefficient  prediction 

were  predicted  by  the  B-]?37  test  tire  lnfl^t^i^^  values 

(165  Ib/ln^)  inflation  pressure  of  p e xi37  kPa 

data  is  within  reasonable  agreement  of^tbrN^iSA^t"  °k  theory  using  DBV  test 
speed  range  studied  for  tht  B-737  tire.  ^ track  friction  data  over  the 


JL  * i lUW 


IVUriWAlD 


Ideat^  to 

for  aircraft  adverse  weather  operetlra  t®”  **®  remedied  and  made  safe 

»uld  be  very  expenslvnjj  CIctSi  to  omielT’  “ 

craft  for  this  purpose;  therefLe  !!  specially  instrumented  air- 

developing  suitable  ground-vehicle  f^lctlor^r^  attention  has  been  devoted  to 
for  this  purpose.  Since  1968,  extensive  alrcraftLl^  techniques  and  equipment 
programs  have  been  carried  out  in  this  count^v  runway  research 

this  problem  (refs.  9 to  11,  19  and  21  to  nd  abroad  to  find  a solution  to 
questions:  ^o  answer  the  fundamental 

(1)  Do  friction  measuring  devices  correlate  between  themselves? 

SrfoJ^TOo  or«rnnJaJsr‘  ®lMraft  stopping 

by  the  data  trends^^sW^S^flgu^eris'lS^U  correlation  problem  is  indicated 
obtained  by  the  various  friction  measurlnf  a % ®®^  ^®  ®®®“  *=^®  <^ata 

which  utilize  different  tire  operational  and  two  aircraft,  all  of 

flares,  and  poor  correlation  between  ground^vehLl^^^^”®’  literally  fill  the 
vehicle  to  aircraft,  and  aircraft  traCc^fr  vehicle,  ground 

ures  15  and  16  were  obtained'Jroi 

Ground-Vehlcle/Cround-Vehlcle  Correlation 

tbn  ‘«t  ^h.t 

or  test  speed  ranges,  used  by  the  Moind-vpMc/T®V‘'®®’/®  ''®^^  *=®^‘=  ®P®ed 

slipperiness  are  usually  slgnlflcantlv  dlffe^eih  '*®vlces  in  measuring  runway 

tlon  attempts  between  dLJcfna^rcomparL  thf:  “ost  correla- 

device  against  that  of  anoi-hg.».  Z compared  the  measurement  output  of  one 

compare  i/SDR  for  the  DBV  against  Snu-McurfrLjL*"'’  ‘a! 

ments  of  runway  slipperiness  were  obtAlnoH  reading.  Both  measure- 

conditions  on  many  S?„arent  “i:ay“'’“r‘JatrJntid^%"“5^1p^^?rr  uT.lL 


202 


from  ref,  28))  and  FAA  (fig.  18  (data  from  ref.  29)).  The  data  shown  In  both 
figures  exhibit  similar  trends  and  Indicate  very  poor  correlation  between  a 
device  (DBV)  which  measures  vehicle  stopping  distance  over  a speed  range  of 
52.2  to  0 knots  with  diagonal  wheels  locked  and  a yawed-rolling  trailer  which 
measures  tire  cornering  force  at  constant  yaw  angle  ® 7.5°)  and  constant 
speed  (Vq  » 34.8  knots)  for  the  wet  runway  surfaces  investigated.  A similar 
trend  is  noted  for  the  Roswell  smooth  concrete  runway  surface  shown  In  fig- 
ure 19.  In  this  instance  only  one  runway  surface  was  tested,  but  the  runway 
wetness  condition  (wr.ter  depth)  varied.  These  data  for  the  DBV  and  Mu-Meter 
were  obtained  from  reference  11.  Figures  20  and  21  show  the  correlation 
obtained  between  the  DBV  and  the  sklddometer  and  the  DBV  and  the  Miles  trailer 
at  Roswell  (ref.  11),  respectively.  The  data  in  these  figures  show  that  the 
sklddometer  (fig.  20)  (like  the  Mu-Meter)  exhibits  poor  correlatioii  with  DBV 
SDR  measurements,  whereas  the  Miles  trailer  compares  better  (fig.  21).  The 
sklddometer  runway  slipperiness  rating  was  achieved  by  testing  the  pavement  at 
a constant  speed  of  34.8  knots  (like  the  Mu-Meter),  whereas  the  Miles  trailer 
tested  the  pavement  over  a speed  range  of  85  to  0 knots  (similar  to  the  DB  )♦ 

Much  better  correlation  between  ground  vehicles  is  obtained  when  each 
vehicle  is  tested  over  a speed  range  and  the  viscous-hydroplaning  theory  method 
(described  earlier)  is  used  to  compare  the  friction  data  obtained  by  the 
vehicles.  This  type  of  correlation  is  shown  in  figures  22  to  25.  The  data  for 
these  figures  were  obtained  from  the  joint  NASA-Brltish  Ministry  of  Technology 
Skid  Correlation  Study  reported  in  references  21,  22,  and  30.  The  data  trends 
shown  in  figures  22  to  25  suggest  that  good  correlation  is  achieved  between 
ground  vehicles  when  the  friction  measurement  of  a vehicle  is  compared  over  a 
speed  range  with  its  equivalent  measurement  from  another  ground-vehicle  device. 
This  result  suggests  that  ground-vehicle  runway  slipperiness  measurements  can 
correlate  if  tested  over  a speed  range  and  proper  accounting  is  made  for  the 
difference  in  the  tire  operating  modes  between  the  vehicles.  It  should  be 
noted  that  the  worst  correlation  between  devices  occurs  in  figure  25  where  the 
Mu-Meter  is  compared  with  several  other  friction  measuring  devices.  The 
Mu-Meter  is  the  only  friction  device  that  does  not  measure  a friction  boundary 
condition  - that  is,  the  sklddometer  measures  peak  braking  (constant  0.13 
braking  slip);  the  General  Motors  (GM)  trailer,  either  hskld  irom 

a pulse  braking  technique;  the  Miles  trailer,  Uskld  fro«"  a Pal**®  braking 
technique;  and  the  DBV,  Ugkid  from  a continuous  locked-whcel  braking  technique. 
The  Mu-Meter,  on  the  other  hand,  measures  cornering  force  developed  on  a tire 
at  7.5°  yaw  angle.  At  high  pavement  friction  values,  it  cannot  measure  the  peak 
friction  boundary  condition,  whereas  for  low  friction  conditions,  it  may  measure 
cornering  force  after  the  peak  cornering-force  value  has  been  obtaineu.  as 
shown  in  figure  26.  The  data  in  figure  26  were  obtained  from  reference 
(p.  654).  These  data  suggest  that  If  the  yaw  angle  for  maximum  cornering  ^ 

(limiting  coefficient  of  friction)  is  exceeded,  the  cornering  force  (and 
cornering  friction  coefficient)  is  reduced  as  yaw  angle  is  further  increased. 

For  the  case  of  the  Mu-Meter  which  measures,  cornering  force  at  7.5  yaw  angle, 
this  type  of  tire  behavior  may  result  in  an  overestimation  of  the  sllpperiness 
of  the  wet  pavement  defined  by  peak  boundary  friction  conditions. 


:'()3 


Aircraft /Ground-Vehicle  Correlation 


Ah  wUh  p.i  omid  vc'hlrlo/f.roijnd-VL'lilclc  correlation  attempta,  moot  aircraft/ 
ground-vehicle  correlation  attempts  try  to  relate  the  measured  output  of  a 
trlctlon  device  with  some  measured  output  of  the  aircraft  from  data  obtained 
during  joint  testing  of  the  devlct  and  aircraft  on  artificially  wet  runway 
surfaces.  Typical  alrcraft/ground-vehlcle  relationships  obtained  from  such 
test  programs  are  shown  in  figures  27  (Mu-Meter,  ref.  24)  and  28  (DBV,  refs.  11 
and  25).  Each  friction  device  advocate  claims  good  correlation  between  the 
device  and  the  aircraft.  For  example,  reference  26  states  that  the  Mu-Meter 
my  predict  aircraft  stopping  performance  within  10  to  15  percent  If  a correla- 
tion ranking  system  classifying  runway  surfaces  into  different  texture  groups 
is  used.  On  the  other  hand,  reference  11  states  that  the  DRV  can  predict  alr- 

percent  by  using  its  prediction  method, 
h tire  friction  prediction  method  (described  earlier  in  the  paper)  offers 
another  approach  to  show  correlation  between  ground-vehicle  and  aircraft 
measurements  of  runway  slipperiness. 


Equation  (5)  may  be  modified  to  the  form 


*^eff  “ ’I  Yr  pjpy 


(8) 


where 

Meff  effective  braking  friction  coefficient  realized  by  the  aircraft 

through  its  antiskid  braking  system 

Yr  runway  tire-pavement  drainage  characteristic  (hydroplaning 

parameter)  determined  by  ground-vehicle  friction  test 
over  ground  speed  range 

Ddry  characteristic  maximum  aircraft  tire  friction  coefficient 

on  dry  pavement 

n antiskid  braking  system  efftcicnev,  ,i  . . 

J “max 


This  metliod,  using  tlie  DRV  Iriitlon  measuring  device,  is  illustrated  in  flg- 
ures  29  to  31.  The  c()rrelati(,'n  shown  in  the  flgtins  resulted  from  use  of  the 
arbitrarily  selected  antiskid  braking  system  erticieiicv  model  depicted  in 
figure  29  which  Is  patterned  after  tlie  one  described  ii'  reference  12. 


The  data  trends  shown  in  flgutes  29  to  31  sugc.est  that  a ground-vehicle 
friction  measuring  device  can  be  used  to  predict  tlie  ellective  trlctlon  coeffi- 
cient an  alter. jft  will  develop  on  a wet  ninw.iv  ptuvidmg.  .lie  antiskid  bulking 
system  efficieney  o|  the  alrciait  is  known.  The  d.Ua  trends  also  suggest  that 
each  aircraft  type  b.is  Its  own  cli.irac  let  ist  1 c antisHd  btaking  svstetp  efficlencv 
which  is  dependent  upon  tlie  landim-  rear,  bt.iHte  . ,,nd  .mtiskid  svi-tem  de.si,-n.  ' 
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Summary  of  Correlation  Results 

c Hllppcrinoso  research  conducted  since  1968  In  the  area  of 

c,.rroia»„„s 

<lcvico8  that  test  at  constant  speed  con  be  correlated 
opLaftoB  L”^L“Lr°catS“  ““  °''"  ° of  tiro 

predict  thooo  tiro  oharoctoriotloo  as  veil  11  thalr  tost  prooodurrirotoood 

® similar  to  the  DBV.  Ground- 

vehicle  devices  that  test  at  constant  speed  cannot  predict  aircraft  tire  brakinc 

t”  friction  coefficient  on  wet  runways  over  the  full  take-off  and 

landing  speed  range  of  aircraft. 

Ground -vehicle  and  aircraft  slipperiness  measurements  can  be  correlated 
However,  the  pre^sion  of  correlation  is  obtained  from  artificially  wet^r^nwly 
test  programs.  The  accuracy  of  prediction  from  the  correlation  may  bfdSed 
^4*  natural  rain  (different  water  depths).  Further,  some 

braking  systems  can  allow  lockcd-wheel  operation  during 
^ runways.  The  locked-wheel  condition  can  reLlt 

1 ^4^^  rubber  hydroplaning  which  destroys  the  atrcraf t/ground-vehlcle 
correlation.  For  these  reasons,  predictions  of  aircraft  braking  performance  on 

pound-vehicl°  devices  should  bo  employed  only  to  provide 
guidance  information  to  pilots.  ptovxae 


Status  of  Runway  Slipperiness  Measurements 

r.....  skid  resistant  tests.-  Since  November  1973,  the  Air 

o?odLm!^  measuring  the  skid  resistance 

airfields.  Procedures  for  conducting  the  standard  skid  resistance 

be  obtaiLd  bv”bJth*^th^’^nw^  requires  that  friction  meastirements 

AFCEC  ^1«  5 4^?y  Ma-Meter  when  testing  an  airfield  pavement. 

friction  data  obtained  from  these  friction  measuring  devices 
the  7*^?*^^’  ^”7  together  they  provide  an  adequate  data  base  to  evaluate 

the  skid  resistance  of  an  airfield  pavement.  AFCEC  intends  to  survey  the  skid 

basis.  AFCEC  feels  strongly  that  the  concept  of  using  an  experienced,  well- 
evaluf  lof^  standardized  testing  procedures  for  pavement  skid  resistance 

nu^Jhf  ra°  advantages.  This  concept  requires  the  Air  Force  to 

purchase  and  maintain  a minimum  quantity  of  equipment  and  ensures  that  the 
testing  Is  properly  accomplished  and  documented.  Results  from  this  Air  Ferre 
program  are  reported  in  references  28  and  34. 
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m.Advlfiory_Cl_r_cular  No.  150/5320-12.-  FAA  Airporta  .Sf-rvlco  IhhuocI  FAA 
Advisory  Circular  No,  150/5320-12  on  June  30,  1975  (ref.  35).  Thla  advlaory 
circular  provldo.H  Buldnnco  on  methods  that  can  be  used  to  j)rovlde  and  maintain 
airport  pavement  surface  friction  characteristics.  This  p.uldanco  Is  Intended 

airport  operators,  cnp.lneorlnR  consultants,  and  maintenance  personnel. 
This  advisory  circular  does  not  purport  to  provide  a means  to  predict  aircraft 
stopping  distance.  For  the  requirements  specified  In  this  circular,  FAA  Air- 
ports Service  requires  a friction  measuring  device  which 


(1)  Can  provide  fast,  accurate,  and  reliable  friction  values  of  airport 
pavement  surfaces  under  varying  climatic  conditions 

(2)  Can  provide  a continuous  graph  record  of  the  pavement  surface 
characteristics 


(3)  Has  minimal  maintenance  and  recurring  costs 

(4)  Has  a simple  calibration  technique 

(5)  Indicates  potential  for  hydroplaning  conditions 


circular  is  worded  carefully  such  that  current  friction  measuring 
devices,  the  DBV  for  example,  are  not  excluded  from  use  in  implementing  the 
u although  it  is  clear  that  the  British  Mu-Meter  is  the  device  favored 

Airports  Service  since  it  is  the  only  device  described  in  the  circular. 
The  advisory  circular  clearly  indicates  that  its  needs  are  met  by  a device 
which  measures  the  relative  friction  of  pavement  surfaces  and  that  this  measure- 
ment  of  friction  does  not  provide  a means  to  predict  aircraft  stopping  distance 
(determine  how  slippery  the  runway  surfaces  are  for  aircraft  operation) . 


It  is  felt  that  issuance  of  this  advisory  circular  by  the  FAA  is  a note- 
worthy step  forward  In  providing  guidance  to  install  antihydroplaning  runway 
surfaces  at  airports.  However,  the  providing  of  relative  friction  measurements 

maintenance  purposes  is  secondary  to  the  main  objective  of 
a friction  evaluation  which  is  to  determine  how  slippery  the  runway  surface  is 
for  aircraft  operation.  * 


PROGRESS  AND  PROBLEMS  OF  ANTIHYDROPLANING 
RUNIVAY  SURFACE  TREATMENTS 

Both  runway  grooving  and  porous  friction  course  (PFC)  antihydroplaning 
runway  surfaces  were  originated  in  England,  as  described  In  reference  36. 

. grooving  in  the  United  States  started  with  NASA  experiments 

< pavement  research  in  the  United  States  was 

initiated  by  USAF  (1972)  and  is  reported  in  references  37  and  38. 
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Runway  Grooving 

Since  1956 f approximately  160  runways  have  been  grooved  world-wide  as 
Indicated  In  tables  2 to  12,  Figure  32  shows  the  development  of  grooved  runways 
at  U.S.  civil  airports  since  the  first  air  carrier  airport  was  grooved  In  1967. 
For  the  past  3 years  an  average  of  24  air  carrier  airport  runways  have  been 
grooved  each  year.  At  this  present  rate,  the  224  ILS  runways  1524  m (5000  ft) 
or  longer  In  length  at  U.S.  air  carrier  airports  will  all  be  grooved  by  1986. 

At  the  present  time,  six  different  methods  are  available  for  grooving  runways, 
namely,  diamond  saws,  abrasive  (carborundum)  saws,  flails,  plastic  grooving 
with  segmented  drum,  plastic  grooving  with  wire  comb,  and  plastic  grooving  with 
wire  broom.  The  latter  three  methods  can  only  be  used  for  grooving  Portland 
cement  concrete  when  It  has  been  freshly  laid  and  has  not  hardened  or  set  up. 

The  most  popular  grooving  method  is  the  diamond  saw.  Approximately  80  percent 
of  the  air  carrier  airport  runways  that  have  been  grooved  since  1967  have  used 
this  grooving  method.  The  effectiveness  of  runway  grooving  as  an  antihydro- 
planing surface  treatment  is  revealed  by  reviewing  the  DBV  SDR  data  shown  in 
tables  13  to  17.  Tables  13  to  16  were  obtained  from  reference  39.  Table  17 
shows  data  obtained  from  a recently  completed  FAA  DBV  trial  application-runway 
friction  calibration  and  pilot  information  program  (ref.  40).  Review  of  these 
data  suggests  that  the  greatest  traction  benefit  is  realized  from  closed-spaced 
grooves  that  are  cut  1/4  inch  deep  in  the  pavement  with  diamond  saws.  This 
result  follows  the  trend  reported  in  reference  27  where  a 25  x 6 x 6 ’am 
(1  X 1/4  X 1/4  in.)  pattern  was  found  to  be  superior  to  all  other  patterns 
studied  w^th  regard  to  preserving  traction  on  wet  or  flooded  runways.  Plastic 
grooving  treatments  are  considered  to  be  an  improvement  over  conventional 
ungrooved  concrete  surfaces  but  are  inferior  to  diamond  sawed  grooves  in  both 
traction  performance  and  water  drainage  (discussed  in  section  "Flooding  on 
Grooved  Runways") . The  uniformity  of  plastic  grooving  is  poor  compared  with 
diamond  sawed  grooves  as  shown  by  comparing  figures  5 and  6 with  figure  33. 

The  data  presented  in  figure  34  compare  the  traction  performance  of  plastic 
grooving  using  a wire  comb  technique  (ref.  41)  with  other  antihydroplaning 
pavement  surface  treatments.  These  data  confirm  the  traction  trends  just 
discussed. 

The  major  problem  encountered  with  grooved  runways  is  the  chevron  cutting 
of  aircraft  tires  during  the  touchdown  phase  of  aircraft  landings  on  grooved 
runways.  (See  fig.  35.)  This  problem  is  discussed  in  detail  in  reference  39 
and  has  been  studied  in  reference  42.  The  civil  airlines  in  the  United  States 
at  the  present  time  do  not  consider  chevron  cutting  to  be  a serious  operational 
problem  to  their  jet  transport  fleet.  It  should  be  noted  that  the  aircraft  tire 
industry  has  been  working  in  close  cooperation  with  aircraft  operators  on  the 
chevron  cutting  problem.  During  the  past  5 years,  the  aircraft  tire  industry 
has  developed  new  tread  rubber  compounds  and  tread  designs  that  significantly 
reduce  the  degree  of  chevi  on  cutting  on  aircraft  tires  experienced  on  grooved 
runways.  In  this  regard,  i\merican  Airlines  reports  that  over  the  past  4 years, 
the  number  of  landings  per  tire  change  on  its  jet  transport  fleet  has  increased 
by  50  percent.  During  this  time  period,  the  number  of  grooved  runwavs  at  air 
carrier  airports  has  incieased  from  37  to  107.  The  slipperincss  of  grooved 
runways  is  increased  when  heavy  rubber  deposits  coat  touchdown  areas,  but  this 
problem  is  easily  corrected  by  rubber  removal  treatments  (discussed  later). 
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Some  asphaltic  concrete  runways  have  suffered  eol lapsed 
areas.  This  type  of  problem  is  usually  created  by  f-roovinr  the 
concrete  shortly  after  the  runway  has  bor?n  paved  and  before  t b.' 
concrete  has  cured  properly. 


In  trafficked 
a K|. lia.lt  ic 
.i‘-p!in  It  Ic 


Porous  Friction  Course 

Na  first  PFC  surface  treatment  In  the  United  States  was  at  tlie  Dallas 

Naval  Air  Station  in  1971  as  indicated  in  table  18.  The  ,,ruwth  of  tl.l  PK 
urface  treatment  at  U.S.  civil  airports  (through  1975)  is  shown  in  fipurc  36 
^er  the  past  3 years  (1973  to  1975),  an  average  of  seven  air  career  ^ort 
runways  per  year  have  been  given  this  antihydroplaning  pavement  surface  treat- 

surface  is  definitely  superior  in  traction 

Whis^^MrJ  ‘=°“''®"‘=^‘’‘'®l/ngrooved  concrete  and  ranks  with  pavement  grooving 
in  this  regard  as  reported  in  reference  19.  PFC  has  a high  storage  volume  to 

fl^W  flooding  when  rain  first  commences  buu  does  not  have  the  free 

earliS  grooved  runways.  Consequentlv  (as  discussed 

^rller  in  the  paper),  PFC  surface  treatments  are  not  believed  to  he  as  effec- 
tive as  pooyed  pavements,  especially  those  cut  with  diamond  sav.-s,  in  preventing 
runway  flooding  during  sustained,  high  rainfall  rate  precipitat  lo,;  conliuions. 

A major  problem  that  has  been  reported  for  I’FC  pavements  is  tl.e  difficultv 
of  removing  rubber  from  contaminated  touchdown  areas  of  the  runway.  AOCl 
(Airport  Operators  Council  International)  reports  that  tlie  ITC  .-uria.-e  at 

because  rubber  deposits  coul<i  net.  bo  reraoved 
from  the  surface.  A similar  problem  has  been  encountered  at  Denver  btapleton 
Airport  where  the  rubber  deposits  could  be  removed  only  threugl,  tl.e  use  of  a 

tW  J?!  high-pressure  water-blast  equipment.  It  should  be  stressed 

that  the  PrC  surface  treatments  at  U.S.  airports  have  rot  b.  .-n  installed  long 

r eal  i st  ioa  1 1 v or  the  dnrabilitv  and  main- 
tainability  of  this  type  pavement  surface* 


Runway  Rubber  Deposits  and  Tlieir  I^rov.il 

NASA,  USAF,  and  FAA  studies  (tables  13  to  171  show  tb.a  tiie  •,o:t  -1  iMt-orv 
runway  segments  are  usually  those  located  In  aircraft  toucb.dovn  u-a.  vli.'h  ' 
become  covered  with  heavy  rubber  deposits.  Iho  roduco,!  ma.  i . /mi,  rot  oxt-ive  of 
the  pavement  surface  (fig.  37)  resulting  from  rabbet  ,hpe:.  ii.  , cl  , cl.o  .a.nwav 
much  more  susceptible  to  dynamic  and  viscous  hvdropl an ing  u-t.  i„v  times  ot  rain. 

suffered  as  a eonsen-.n.  . is  1 1 Inst  rated  bv 
tigure  38.  Reference  11  points  out  th.a 
Roswell  smooth  concrete  runway  (SDR  = 
required  as  much  as  2 seconds.  From  a 
predicted  aircraft  tire  friction  coel  t 
up  on  the  rubber  coated  ungrooved  runw. 
found  to  be  much  less  than  at  Roswel 1 . 
take  from  6 to  8 seconds  on  this  wet,  ' 
pilots  may  apply  wheel  braking,  bolom  i 
the  antiskid  braking  svster.  fails  to  i- 
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rubber  skidding  may  occur  for  the  alr- 

adverL  of  aircraft  during  landings  and  Lke-offs  in 

aaverse  wtathci.  ihlt.  paper  has  pointed  out  that  ground  vehicles  which  t^or 

pavements  utlUzluR  a constant  speed  technique  cannot  predict  the  runway 
allppetlness  .esnlti,,,,  to  aircraft  from  this  effect.  Theretorr  th^MV  which 

d^yi«  ;^n:;a:er'to‘':i;:“'‘rL'°  sho„id  be  thi’oSj 

uevice  permuted  to  assess  this  runway  condition.  Only  when  test  nrocoa,,,.*./ 

^SrDav““  h“'S“''fr'“‘  - oallbrlt:!  ^etSfa^t^mrSth 

the  DBV,  should  other  devices  be  allowed  to  measure  the  effects  of  rubber 
deposits  on  rur  ^y  sllpperlness  for  aircraft  operation! 

1 contained  in  tables  13  to  17  and  figures  37  and  38 

indicates  that  grooved  runways  are  much  less  affected  by  rubber  deposits  than 
ungrooved  runways  and  may  require  less  frequent  cleaning.  SevLarmSSdf for 
oi!  of  fr  deposits  are  available  and  discussed  in  reference  40. 

figures  39  an^AO.  high-pressure  water  blast  as  shown  in 


CONCLUDING  REMARKS 

has  reviewed  the  runway  slipperiness  research  performed  in  the 
Inited  States  and  abroad  over  the  time  period  1968  to  the  present  This  review 

taSlhl^  that  this  research  has  been  extremely  fruitful  with  the  following 
tangible  benefits  resulting  to  the  aviation  community:  ® 

(1)  A better  understanding  of  the  hydroplaning  phenomena 

C2)  A method  for  predicting  aircraft  tire  performance  on  wet  runways  from 
a ground-vehicle  braking  test 

Ie!iour!h/"!^"!  deposit  problem  has  been  defined  as  one  of  the  most 
! aircraft  operational  safety  during  landings  and 
dev!7!  In  adverse  weather;  at  the  same  time,  methods  have  been 
developed  which  can  remove  runway  rubber  deposits  so  that  runway 
traction  is  effectively  restored  to  uncontaminated  levels 

(4)  Pavement  grooving  has  fulfilled  its  promise  as  a runway  surface 
treatment  that  minimizes  runway  flooding  during  heavy  rainstorms 

and  produces  nearly  dry  aircraft  braking  and  cornering  performance 
under  wet  runway  conditions  *-«*«uce 

(5)  Porous  friction  course  surface  treatments  are  nearly  as  effective 
as  pavement  grooving,  but  further  research  and  time  are  required  to 

of/ubber  deposits  (and  removal),  durability,  and 
maintainability  of  this  surface  treatment 

it  Js  hoped  that  this  report  on  the  status  of  runway  slipperiness 
esearch  will  stimulate  the  aviation  community  and  the  Federal  Regulatory 
Agencies  into  a rapid  implementation  program  to  utilize  the  technological  advances 
this  research  has  produced  and  to  improve  airport  runway  safety. 
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Abbreviation 

Meaning 

AB 

Air  Base 

AC 

Asphaltic  concrete 

APB 

Air  Force  Base 

AFCEC 

Air  Force  Civil  Engineering  Center 

ASTM 

American  Society  for  Testing  and  Materials 

ATD 

Average  texture  depth 

c 

Civil 

cs 

Carborundum  saw 

D 

Depth 

DBV 

Diagonal«»braked  vehicle 

DS 

Diamond  saw 

P 

Flail 

FAA 

Federal  Aviation  Administration 

G 

Grooved 

Int. 

International 

L 

Longitudinal 

Lt 

Light 

M 

Military 

Hed 

Medium 

Metro* 

Metropolitan 

Mun* 

Municipal 

N/A 

Not  available 

NAS 

Naval  Air  Station 

Nat* 

National 

P 

Pitch 

PCC 

Portland  cement  concrete 

PGSD 

Plastic  grooving  with  segmented  drum 

PGWB 

Plastic  grooving  with  wire  brotmi 

PGWC 

Plastic  grooving  with  wire  comb 

RAF 

Royal  Air  Force 

SDR 

Stopping  distance  ratio 

T 

Transverse 

W 

Width 

TABLE  1.-  TIRE  CHARACTERISTICS  OF  FRICTION  MEASURING  DEVICES 


Device 

^^dry 

kPa 

Ib/in^ 

DBV  (ASTM  E-249  smooth  tread  tire)  

1.15 

165 

24 

DBV  (ASIM  E-524  smooth  tread  tire)  

1.20 

165 

24 

Mu-Meter  

0.84 

69 

10 

Miles  trailer  

1.15 

138 

20 

Skiddometer  model  BV-6  (ASTM  E-249  smooth  tread  tire).  . . 

1.15 

165 

24 
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TABU*  2.-  KUrWAVS  rONSTHUCTEn  imRU<f: 


Airport 

A 0956)  - M 
B 0957)  M 
C (1960)  - M 
0 (I960)  - M 
E (I960)  - M 
E (1961)  M 
Manchester  (1961)  - C 

NASA  UHC  (1964)  - C 

Manchester  (1965)  ~ C 
Ubon  (1966)  - M 

Udorn  (1966)  - M 


NASA  URC  (1966)  - C USA 


Kesevirch  track 


Research  track 


(Jroovinp 

technique 


Groove  pattern, 

P , ' D 


25  *1^1 
25  * I * J 
25  - J • j 
25  • i ^ 3 
25  • 3 ^ 3 
25  '3^3 


1 ' l/a  ^ 1/B 
1 » 1/H  1/8 
1^1/8^  l/ft 
1^1/8^  1/8 
1 1/8  »»  1/8 


25  ^ 

i ^ 3 

1 

' 1/8  ' 1 

25  » 

3 > 3 

1 

' 1/H  ' 1 

25  - 

6 ' 6 

1 

" 1/4  ' 1 

25  ' 

3 ♦ 3 

1 

'1/8-1 

51  » 

6 • 6 

2 

• 1/4  ■ 1 

rskij 
51  ‘ 

610) 
6 > 6 

2 

(Skip  24) 

' 1/4  ' 1 

(Skip  610) 
25  ‘ 3-9  ' 

3 

1 

(Skip  24) 

' 1/8-3/8 

3H  * 

3-9  » 

3 

1 1/2 

• 1/8-3/8 

51  ' 

3-9  * 

3 

2 

• 1/8-3/H 

25  ♦ 

3-9  • 

6 

1 

• 1/H-i/H 

38  • 

3-9  - 

6 

1 1/2 

■ l/H-3/8 

51  * 

3-9  » 

6 

n 

• 1/8-3/8 

TABU.  K-  <q<MiiVl-:ji  KENTsAVS  r:n*;s:  IU*rri:i)  UI'HINc  1967 


Airport 


Blen  Hoa  - M 

Birmingham  - C 
Beale  AFB  - M 
John  F«  Kennedy  - C 
Kansas  City  Mun»  - c! 
NASA  Wallops  - C 
Washington  Nat.  “ C 


Count  ry 

Runway 

Surface 

I'-rooving 

ttM  ftniu'ie 

USA 

N/A 

iM  . 

T-DS 

UK 

N7A 

A«: 

I-K 

l*SA 

14/32 

P(.'‘ 

T-DS 

USA 

4K/22I. 

I’f  C 

r-DS 

USA 

IS/  36 

i’i:c/A( 

I -US 

USA 

4/22 

lTf:/Ai’ 

'MIS 

USA 

18/36 

Ar 

T-liS 

Croove  pattern, 
I*  ^ W ' 0 


n 

null 

— 

■H 

51  • 6 • 6 

2 • 1/4  • 1/ 

4 

(Skip  610) 

(Skip  24) 

25  * 3 ♦ 3 

1 ■ l/h  • 1/ 

8 

25  ' 6 • 6 

1 • 1/4  ' 1/ 

4 

3rt  * in-5  ‘ 3 

1 1/2  • J/8-)/lb 

> 1/8 

2*5  • 3 • 6 

1 • 1/8  • 1/ 

4 

25  • 6 • 6 

1 • 1/4  • 1/ 

4 

25  '3*3 

1 • 1/8  • 1/ 

8 

TABLE  4.-*  GROOVED  RUNWAYS  CONSTRUCTED  DURl.NC  1968 


Airport 

Country 

Runway 

Surface 

• •roDvinr 

Crouve  pattern, 
1*  • W • D 

t'»m 

In. 

Atlanta  Mun.  - C 

USA 

9R/27L 

I’ur 

‘T-ns 

32  • lOM  ‘ 6 

1 1/4  • 3/H-l/M 

Chicago-Mldway  - C 

USA 

13H/31L 

PCC 

t-DS 

32  • 6 • 6 

1 1/4  ♦ 1/4  • 1 

Chtcago-Midway  - C 
Seymour- John son 

USA 

4R/22L 

prr 

T-DS 

32  • 6 • 6 

1 1/4  * U'i  • 1 

AFB  - M 

USA 

8/.  6 

Vtr/\( 

I-DS 

51  • 6 • I) 
(Skip  6111) 

2 ‘ W<4  ‘ 1 

(^'kip  24} 

Tempelhof  (Cer.)  - M 

USA 

9K/27I. 

M 

I-DS 

38  • 10  • 10 

11/2*  j/H  ♦ 3 

ORIGlNAi;  PAGE  IS 

UE  Poor  qualfiy 


i 


Bob  ton  l.og«m  - t: 

I’SA 

!,7A 

Charleston  (W.Vn*)  - C 

l*HA 

W:?i 

Chlcaj»,o  0*Hare  - C 

CSA 

9l/.’7K 

Dallas  I.ove  Field  * C 

rsA 

1 \H/  ill 

OffutL  AFB  - M 

i;sA 

1*1/10 

Wellington  *•  C 

New 

Zealand 

N/A 

tab; 

LE  0.-  «:RooVEr>  : 

Kl  N»vA*i  S 1 1 '*» 

siKucno  i t 

Airport 

Country 

Kunviiy 

Sun  4i.i’ 

' ro.'virt,: 

tecimi  j-jt.' 

BankoU 

Thailand 

SVA 

rrc 

Dill  las  Love  Field  - C 

I’SA 

13I./31K 

AC 

■ _ * 

Harrv  S.  Trutnan  - C 

L’SA 

9127 

FC C /AC 

! '•  ' 

Kadena  - M 

USA 

N/A 

FCC/At 

_ •i~ 

Nashville  Met.  - C 

USA 

21,/JUR 

AC 

* - " » > 

Nashville  Met.  - C 

USA 

n/  u 

Fi  i. ''AC 

l-*M  V :• 

Orly  - C 

France 

'A /A 

Fee 

i 

Fort  Hardy  - C 

Canada 

N/A 

' Ai' 

Shemya  - M 

USA 

lO/JH 

At' 

»KIG£N/Vi;  PAGB  IS 
•F  f’<>OK  QUAIJTV 


t 

\ 


TABLE  10.-  imooVED  RUNWAYS  CONSTRUCTED  DURINH;  1974 


Airport 

Count  ry 

Runway 

Surface 

Crcovlnf* 

technique 

r;roovc  pattern* 
P • W - D 

mm 

in. 

Albany  (S.V.)  - C 

USA 

10/28 

AC 

T-DS 

32  - 6 * 6 

1 1/4  « 1/4  » 1/4 

Allentoim  - C 

USA 

13/ 31 

AC 

T-DS 

38  « 6 » 6 

1 1/2  « 1/4  ^ 1/4 

Bagotvllle  - M 

Canada 

11/29 

PCC 

T-Pt:wc 

H/A 

H/A 

Bangor  - C 

USA 

15/33 

PCC 

T-OS 

32  6 * 6 

1 1/4  » 1/4  « 1/4 

Cedar  Rapids  - C 

USA 

8/26 

AC 

T-D5 

32  - 6 ^ 6 

1 1/4  • 1/4  » 1/4 

Cedar  Rapids  - C 

USA 

13/31 

AC 

T-DS 

32  > 6 • 6 

1 1/4  • 1/4  » 1/4 

Chattanooga  - C 

USA 

2R/20L 

AC 

T-OS 

38  » 6 • 6 

1 1/2  • 1/4  • 1/4 

Chicago  0*Hare  - C 

USA 

141/ 32R 

AC 

T-DS 

u ^ e ^ b 

1 1/4  < 1/4  • 1/4 

Chicago  0*Harc  - C 

USA 

14R/32L 

AC 

T-DS 

32  » 6 ' 6 

1 1/4  » 1/4  * 1/4 

Chicago  0*Hare  - C 

USA 

9R/271 

AC 

T-DS 

32  ' 6 • 6 

1 1/4  • 1/4  • 1/4 

Cleveland  Hopkins  - C 

USA 

10L/28R 

AC 

T-DS 

38  ^ 6 ' 6 

1 1/2  / 1/4  • 1/4 

England  - M 

USA 

14/32 

PCC 

T-DS 

51  ^ 6 > 6 

2 >•  1/4  « 1/4 

(Skip  610) 

(Skip  24) 

Elswrth  - M ' 

USA 

12/30 

AC 

T-DS 

38  > 6 » 6 

1 1/2  - 1/4  ^ 1/4 

Harry  S.  Truman  - C 

USA 

9/27 

AC 

T-DS 

51  ' 10  ' 6 

2 * 3/8  » 1/4 

Jacksonville  Int*  - C 

USA 

7/25 

AC 

T-DS 

51  > 6 - 6 

2 » 1/4  « 1/4 

John  F.  Kennedy  - C 

USA 

131/ 31R 

AC 

T-DS 

38  " 10-5  ^ 5 

1 1/2  * 3/8-3/16  3/16 

Joh*  / Kennedy  - C 

USA 

41/22R 

PCC/ AC 

T-DS 

38  10-5  ‘ 5 

1 1/2  -<  3/8-3/16  » 3/16 

Lawton  - C 

USA 

17/35 

PCC 

T-pc; 

n ^ b * ^ 

2 X 1/4  X 1/8 

Los  Angeles  Int*  - C 

USA 

6R/241 

PCC/ AC 

T-DS 

38  • 6 ^ 6 

1 1/2  « 1/4  « 1/4 

Louisville  - C 

USA 

1/19 

PCC 

T-POWB 

N/A 

S/A 

Memphis  Int.  - C 

USA 

171/ 35R 

PCC 

T-PCWB 

N/A 

N/A 

Minneapolis  - C 

USA 

llR/291 

PCC/AC 

T-DS 

32  • 6 6 

1 1/4  • 1/4  « 1/4 

Newark  - C 

USA 

4R/221 

AC 

T-DS 

38  ' 10-5  ' 5 

1 1/2  » 3/8-3/16  » 3/16 

Patrick  Henry  Field  - C 

USA 

2/20 

PCC 

T-PCWC 

13  • 3 3 

1/2  » 1/8  » 1/8 

Pittsburg  - C 

USA 

101/ 28R 

PCC 

T-DS 

32  * 6 • 6 

1 1/4  « 1/4  * 1/4 

Ponca  City  C 

USA 

17/35 

PCC 

T-P(^ 

51  ' 6 * 3 

2 > 1/4  > 1/8 

Washington  Nat.  - C 

USA 

18/36 

AC 

T-DS 

32  » 6 * 6 

1 1/4  • 1/4  • 1/4 

218 


TAHI.K  Ut-  f 


Airport 


ArlandA  - C 
Bsaumunt  - C 
Boston  Lognn 
Boston  Logan  * C 
Cannon  - M 

Charlotte  - C 
ChlcaBO  uMlaro  - C 
Chicago  0*Harc  -*  C 
Denver  Stapleton  • C 
Des  Moines  Mun.  • C 
Dunedin  • C 

Eltnira  - C 
Erie  - C 

Fort  Lauderdale  ~ C 
Grand  Forks  • M 
Houston  Int.  - C 
Invercargill  - C 

Kansas  City  Int.  - C 
Kansas  City  Int.  - C 
Kincheloe  - M 
Knoxville  - C 
Lubbock  Int.  - C 
Monroe  (La.)  - C 
New  Haven  - C 
Pittsburg  - C 
Pittsburg  - C 
San  Antonio  - C 
Tallahassee  ~ C 
Tampa  - C 

Washington  Nat.  - C 
Wilkes-Barre  - C 
Victoria  Int.  - C 
Zurich  - C 


Sw»*'lt*n 

USA 

rsA 

I’SA 

USA 

USA 

USA 

t‘SA 

U.SA 

USA 

New 

Zealand 

USA 

USA 

USA 

USA 

USA 

New 

Zealand 

USA 

USA 

USA 

USA 

USA 

USA 

USA 


N/A 

AI/J.'K 
K>!  / < U, 
I/Zl 

u\  /2:v 

l7L/r.K 
IJL/ JUH 
N'A 


USA 

14/  i: 

USA 

lOH/JSL 

USA 

USA 

la  / U-, 

USA 

IHK/  u,:. 

USA 

l3/ii  1 

USA 

4/j:'  I 

Canada 

N/  A 

Switzerland 

N- A 

I t e<  Uu  1 |ui 


uu 

1 * 1/H 

; ' 1/4 

1 '4  * 1/4 

1 / M ’ 1 / 4 

• 1/4 

»sMp  - 

^4) 

Airport 


Albany  Count  v - f, 
Boston  Logan  - c 
Cumberland  (Md.)  - 
Jackson  County 
(W.Va.)  - r 
Lihue  - c 

NASA  Kennedy  - C 
Raleigh  HeightK 
(W.Va.)  - C 
Wood  Countv 
(W.Va.)  - U 


USA  ! 


P.\Gf 

I'OUU  Q(  .Ui 


1 


tahu:  li.-  UHV  anm  :ia:;a  a'm»  mnAiiiiM  n;:iWA»:. 

r.VAUiAn l»  ini.v  1'*7A  i^v  Ar<.n’ 

irroni  rof4*r»*nci'  7.hJ 


Airfii’ld 

Hunwny 

Travis 

.ill. 

Fairchild 

23 

Costlo 

30 

Lorlng 

01 

Travis 

21R 

HcGuiro 

24 

Torre Jon 

23 

Mather 

22L 

Blythcvilic 

17 

Dover 

01 

Scott 

31 

Robbins 

32 

Cannon 

21 

Rickonbacker 

23E 

Homestead 

03 

Grissom 

22 

CUorleston 

15 

Zaragosa 

3lU 

Mather 

22R 

Andrews 

OIL 

Cliarleston 

21 

Show 

41. 

McConnel 

18K 

Hector 

35 

Dover 

31 

Columbus 

I3t 

Glasgow 

28 

Andrews 

01 U 

England 

14 

Aviano 

03 

R*  Gebaur 

36 

Vance 

17R 

Soesterberg 

28 

Columbus 

nu 

England 

lo 

bloody 

IBU 

ZwcibrucUen 

03 

Bentwaters 

25 

Moody 

IHl. 

Craig 

321. 

Rlckcnbackur 

23K 

Vance 

17C 

Columbus 

1 iC 

Uoodb ridge 

2/ 

Niagara  F.iUs 

28 

Vance 

171. 

McConnel 

IHl. 

McGuire 

M» 

Myrtle  Reach 

17 

Cannon 

30 

Slmw 

04  « 

Erding 

20 

Uurlburt 

i3 

Me Chord 

34 

rcc 

\HT 

AC 

AC 

AC 

AC 

AC 

^CC/AC 

I»CC 

PCC/AC 

AC 

I'CC 

iH:c/ci»a: 

ViX 

vix 

AC 

A(7l*cc 

AC 

AC 

l»CC 

AC 

l»CC/Gl»CC/AC 

AC 

1»(’C 

AC 

l»CC/AC 

rcc 

ih:c/A(. 

I’CC 

AC 

1‘(h:/ac 

i*cc/At:/ci»(A: 

AC 

i*cc 

rciVAc 

l»CC/AC 

AC 

mr/AC 

i»o:/Ac 

CCC/AC 

AC 

I'CC/AC 
IM.i  /Al‘ 

AC 

At 

vn- 

Ai* 

l*ct  /AC 
r('<“  'Ai 

FCC/CCW(‘/I‘(  « 
I’(  I 

1‘(m:;ai 

AC 


liHtliHlown  an  a I 

rut'lM'  r 1 1 .» 


I M U ■'* 

♦ OOV/ 

♦ on'.'* 

♦ (Hll.J 

♦ OOH2 


I I ,|I ! n M*'l, 
n«i  r<il>l'*»r 


’ ut  ! ! cla'd, 
no  rubhi'r 


,!,»;«  o ♦'*«.// 
I.‘»/  ,\s\H 


KH'i  KloiJ  ! 


,<HHl  

l.'U 


.OUM  U Ci 
♦ n.Vitt  1.30 


1.43 

l.Hh 

..*♦!/«  2.17 

.UlM'l  l.hU 
♦»♦♦!! 

♦ <CJM  1.32 

♦ 4)lo3 

♦ OJ.!g  2.28 

'»28b  l.'*2 


♦ 27(*0  0.0KP4 

♦8300  .0327 

.3337  .0218 

.0432  1 .0234 


1.73  1.  Ih.s 


2.'.; 

1.4S  hi*.  3 3 


♦ Si  ll*  ."1‘ 

, 1 + . ■ '< 

, .n‘.  » ♦'O'''* 

* • ; . > O'". 


1 . ■ ' 

1 .1^ « 

1 . p 1 


.3033  .Ol‘*3 

,..140  .0103 

.3283  .3)208 

. 3i'J2  .01  iO 

♦3337  .0218 

,MjV8  .0370 

,4851  .0191 


♦ ‘*2  ' 1 2 . 4t)  - 

. 0..  *.H  I ♦ i2  1 ♦ lb  ; 

♦ '*3^2  l,lh  ,72* 

♦ *•♦  »8  I ♦ »;  .nl. 

♦ ••208  1 ,.V.  .*.K 

.'Otl  1.42  I.3.* 

♦ -M.2  1..2 

2.13  

- - 2..*l 

♦ *1*1  1 ♦2‘3  .I'l 

. (121  1.  3».  I — 

. K I , 32  I ♦ *‘-4 

. ni.  I 3 I . 3’’  , 


♦ ..M  .ni:.. 

,S30(i|  .(M2  7 


*^I)UV  SDK  3 minutett  after  wotting. 


TABU-  lA.-  niiV  oiviAi;;it>  i-*:  "I'WAV: 

[from  ii 


n*':-  l‘i/S  liV  aFCKC 


Airfield 

kunv.  ay 

Palmdale 

07/25 

Uarch 

13/31 

Barksdale 

14/32 

Norton 

05/23 

Mtebb 

17L/35K 

Dyess 

16/34 

Carswell 

17/35 

EXmendorf 

05/23 

Reese 

17K/35L 

Davis  Monthan 

12/30 

Palmdale 

04/22 

n^ebb 

17R/35L 

LaughXln 

13C/31C 

Randolph 

14L/32R 

Yokota 

18/36 

Reese 

17C/35C 

Williams 

12L/30R 

*H<lUlams 

12C/30C 

WiUlams 

12R/30I, 

Laughlin 

13L/3U. 

Blmendorf 

15/33 

Laughlin 

13R/31L 

Randolph 

14R/32L 

^Vandenberg 

12/30 

Reese 

17L/35R 

rcc 

po: 

AC 

pa: 

PC»./Af 

pu: 

Af:/PCf 

AC 

pc;f: 

AC 

AC 

ih;c/ac 

PCC./Af. 

PCC 

poc: 

AC 

P(‘C/AC 

PCC 

PCC 

PCC/AC 

AC 

AC 

PCC/AC 

AC 

PCC/AC 


ti't  erem 

..  36  J 

JUrj,  li7’  •{ 

. iri  i-. 

md-irv 

Surf  ir 

_la) 

, . 

PCt 

»’ . 4t-. 

pf.r 

i. ;«) 

AC 

3.7:i 

i*tC 

1.51 

P'.C/Al 

4 • 4c 

PCC 

4.11 

pet; 

\.'f2 

At; 

1.83 

PC*  7 A' 

J.50  1 

j pt:c 

At: 

.l.i.5  1 

pct:/A«. 

PC( 

PCC/AC 

At: 

AC 

PCC 

AC 

Pi:c/AC 


i r.U  n<4c<l, 
n<»  rul>i>er 
*'w!u*e  1 p.iths} 


pet: 

pr:(. 

AC 

PCC 

At: 

i’t:c 

ai;/pcl 

At: 

p'.:t:/Af‘ 

AC 

At 

At: 

AC 

PCC 

pct: 

AC 

AC 

pt:c 

AC 

AC/ PCC 
At: 

I Jt:/Ac 

At: 

AC 


Average  DBV  SDR  3 mlnutet.  after  wetting* 

u 

^Asphalt  emulsion  diluted  with  water  applied  to  a-splialllc 
^Runway  under  construction. 

‘^New  runway  surface. 


Cntrafflcked, 
no  rubber 
(runway  edge) 

SDR 

(a) 

Surface 

PCC/AC 

- — - 

AC 

1.40 

AC 

2.40 

PCC 

— 

AC 

— — 

AC 

1.32 

AC 

1.52 

AC 

1.72 

AC 

1.39 

AC 

2.05 

AC 

— 

AC 

1.75 

AC 

2.27 

PCC 

1.94 

PCC 

2.06 

AC 

1.65 

AC 

2.03 

PCC 

— 

AC 

— 

AC 

— 

AC 

1,39 

PCC/AC 

1,32 

AC 



AC 

TAJiLK  IS.-  I'UV  SiM!  Al  lo  . tVil. 


ICVALUATIU)  NnVlMUhl:  l'*/l  '*VA)‘:<ii  I wA  i'.’;  i-’A  . 

[Vrom  n*  fr  rmt;**  ] 


Airport 


I *1  raf  f Icked, 

I nu  rubber 
(wheo.T  path) 


St*  Louis  Int* 


0/J4 
121  / 3('U 
17/35 


%'*j,  I ;Air! . ■ 

( i>  1 

’ t - 


Miami  Int* 


yH/2/L 
91/ 2 /K 
12/30 
17/3S 


Memphis  Int* 


’17R/35L 


New  0 '3.eans  Int. 


9L/27K 

15/33 


Atlanta  15/33 

W*  B*  Hartsflcld  9R/27L 

3/21 


Jacksonville  Int. 


1 f - -- 

^23  2.  /7  i 7;r 


lA/3b 

Greater  Cincinnati  yfV27l. 


Charlotte  Douglas 


Nashville  Int. 


n/31  I 2.12 

2L/2i)K  I :■  .O-'- 

211/201.  I 1.5- 


24  : 1’l  i. 
3<J!  ;1m:c 
1 / : 2-  ’2 

; '.ij 
1 1.5S 

! i.i.i 

i 

I2t  1 

J5;l-U. 

:Ai 

i ...Kd  i 

2 < ) . : Ai 

9L:.Ar 

; i.‘)8  1 

27K;A(’ 

12ja.; 

30:  AC 

1 ;:A(* 

i 1.3-'  1 

1 _L- 

35  .AO 

I7;prc 

t — t 

2 5 

2/:AC 

-1 : A' 

— 

1 - — 1 

— 

3:vV 

1 i-"- 

21:A2 

1 

— 

lOjl'iA' 

‘ . , I 

1 • . - i 

2h:22 

, ^i»3  ' 

1 :3( 

23:A' 

. 1 

i { 

5:  \i 

.. 

+ 

- ■ • 

; 2.J.. 

2 2 : : “ . 

H:A' 

. 1./-  ! 

1 j;A: 

271  t-.rt.t: 

: i • 2 4 j 

21:  \C 

1 1.1)2  1 

3.  A 5 

_ - ...  — , 

- - 

' > *,  -i  1 

2 5 . 1 C», 

: 2.H  , 

-t  --  - + 

1 :.;occ 

i'>:A 

' i.vi  ! 

J 

27h: 

! 2 . 09  1 

: i . 1 :> 

2 /:  ■'  :I  1 



1 ' 

- 

\ i:  A*' 

’ 1.3" 

IS  ;/.i' 

S: 

i 1 . 3«  j 

1 

2 3;A«; 

n :Ar 

i i./i  j 

1 3.AC 

2ii  ?:  .,\> 

! i.v  1 

2’ 

2»‘!  ;.'v( 

) - 1 

2 ^ 

Charleston  Kanawha 


1 . n i ..  u 


^Average  DBV  SUR. 

^lew  surface!  under  const rut t ion. 


TABLE  Id,-  UBV  AHU  AII*(!kAri'  5U»K  filvrAIUhU  i)N  TI<AN2>Vl.K!iK  (;i<ooVi:i)  HUtiWAY  Sl‘Kl’Ai;l:,S  WIIII  ANl>  WJTIWUT  KUDBEK  CONTAI^INATXON 

(i'toiii  l*»j 


Airport 

Date 

tested 

Runway 

Rubber 

dupubittt 

BUR 

“ 

Buriace; 

Groove  pattern; 

UBV 

Alrcr.'iti 

date  installed 

date  installed 

•'jtmnn  AFB 

U/73 

3/21 

Heavy 

None 

"3.59  to  2.46 
1.74 

305  in  (1000  it) 
PCC,  2438  » 

(8000  ft)  CHCC, 
305  » (1000  it) 
PCf;  date  unknown 

51  a 6 X 6 lUB 
(2  ‘ 1/4  X 1/*  ln.)» 
groove  610  nn  (2  ft) 
skip  610  tun  (2  ft) ; 
1973 

Reference  8 

ATO 

7/74 

4L/27R 

Med-lt 

Notie 

*** 

305  m (1000  ft) 
rcc»  1367  » 
(3500  ft)  crcc, 
1370  m (450C  it) 
CAC,  305  lu 
(lOOU  ft)  P(X; 
date  unknown 

51  X 6 X 6 turn 
(2  >«  1/4  1/4  in.)» 

groove  6 1C  tarn 
(2  ft)  skip  610  auB 
(2  ft);  1971 

Reference  8 

l.Miro  Ai'g 

12/73 

I7R/351 

®2.50 

«1.50 

45?  m (1500  ft) 
PCC,  853  m 
12800  ft)  CPCC, 
1036  in  (3400  tt) 
AC;  date  tmknown 

51  X 6 X 6 mm 

(2  >«  1/4  X 1/4  In.); 

1973 

Reference  8 

It,  iHtim  tnt* 
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8L/26K 

Ueavy- 

m.>d 

J,4b  ti>  2.94 

- 

PCC;  date  unknown 

Ungroov(>d 
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lo/ri 

U- 

tiunct 

2,«B  to  2.52 

'■’1.91  to  2.^2 

Ungrooved 

2/25/71 
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Heavy 

1.13  to  1,44 
2.27  to  2.43 

'^I.IO  to  1.53 

51  X 6 X 6 mm 

(2  X 1/4  X 1/4  in.); 

2/24/71 

Unpublished 

tnt. 

3/73 

9R/27L 

9L/27K 

Heavy 
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Heavy- 

4.62  to  3.51 
2.4J 

3.16  to  2.3B 

- 

AC  overl'iy;  11/72 

Ungrooved 
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5/73 

9R/27L 

9R/27L 

9L/27K 

lieavy- 

U 

tiotie 

U*HU‘ 

2.42  t(.  l.Sl 

1.51 

1.22 

38  X 10  X 6 mm 
(1  1/2  X 1/4 
X 1/4  In.)'  ^1973 
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if,  Kennedy 

'.U/22L 
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Heavy 

U- 

tiulie 

1.  75 
2.20 

1.47  to  l.hil 

^.5/ 

1.B6 

‘1.50  to  1,67 

PeC;  1959 

38  10-5  ' ‘ mm 

(1  3/8  X 3/8-3/16 
* 1/8  in.);  i967 

Reference  1 
Unpublished 

! inC4  tnt* 

U/71 

9R/27L 

Heuvy- 

Med 

Horn* 

2.ilM  tu  1.24 
1.12 

t'CC;  date  unkiu*wn 

: 32  » 10-3  » 6 mm 
: (1  1/4  X 3/8-1/8 
X 1/4  in.);  1969 

Reference  10 

'..tahvilXc  Int, 

1 

4/72 

2L/20K 

I.t 

Hone 

2.0b  Ui  1.62 
2.04 

; AC;  dale  uuktiuwti 

32  '6x6  nun 
(1  1/4  X 1/4 
< 1/4  in.);  1970 

Reference  10 

.i  rv  J»,  Trutaan 

s 

6/70 

9/27 

Heavy 

Hotu» 

lUsivy 

Nolu* 

2.2b 

1.40 

1.69 

I.IU 

- 

A(  ; dale  uttknown 

UngrooVed 
38  « 6 X 6 mm 
U 1/2  ' 1/4 

1/4  in.);  4/70 
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j 1 .'ui lilt -Johnson  AKB 

i 

i 

7/69 

b/2b 

ihoie 

Heavy- 

It 

1.  i‘, 
1, 50 

'l.tH 

1.4; 

P«a:.  I960 

51  ' 0 X 6 am 
(2  1/4  X 1/4 
X 1/4  in.), 
gtoove  610  mm 
(2  ft)  skip  610  mm 
(2  (L);  1968 

Reference  1 
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^Bubbtr  rcttoveU  altur  teat. 

*"b-727. 

*^9L/27R  being  gruovoU  at  tlmo  oi  tout, 

^c-ui: 
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lAULi.  17.-  i»iiv  SDK  a;;ij  :;asa  usi  xiu  omAiMi'  m:;way.s  ivauah.}»  :A  m!  r.vA  h Iai.  Ari'..n.tM« 

kiavay  FuicTiu:;  cai.iukath*:;  a:;i>  viun  i:a‘Oiu“«vi lo;.  .v...  Mniiaai,  i-,7i 


Airport 
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Cincinnati 


Uraml  KaplUs 


Surface 

(a) 

CAC 

1.0 

CAC 
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AC 

1.4 

AC 

1.4 

CAC 

l.o 

i:ac 

l.o 

CAC 

1.0 

AC 
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AC 
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pu7Ai>  o.M 
l\.C/Al  N/A 
Pu/AC  1.) 
Pa.  l.s 
Al.  1 . *> 


Number  on  right  ul  column  represents  the  runway  1 1 atr.vi  i su*  sh'pe  in  pi  r 
UnUer  construct  ion. 
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1.27 
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1 

1.51 

1 . 14h 
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l.i 
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1.7» 

1.2/0 

1.7 

' 0.737 

2*4 
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1.  io 

; 1.118 

1.  iS 

. 737 

1.58 

1.270 

l.h,5 

1.2  70 

2.10 

. 4 32 

2 . ; ; 

: .1)70 

j.ii 

I 0.132 

J.'M) 

, .102 

4 . ^6 

' .22H 

,U12 

..’70 

2.U0 

’ 0.330 

2.05 

. 20  3 

1.;; 

, l.nlh 

i.hi 

4-. 

2. 

M,  2 .. 

i.'ih 

; ♦ 2 5.. 

l .hS 

i!,h.Sh 

I..P' 

1 1.118 

l.h2 

; . i8l 

l.7o 
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TAliLl  17 ♦“  Com: JuiJfU 


Airport 


'lomljduwn 
ruld*cr  Ufjiohito 


’1  rat  I Irki’i) , no  nibln»r 


i'lilwaukee 


Philadelphia 


Pittsburg 


AC  1,0 


'>CC  1.0 


Portland^  Maine 


Hochester,  M.Y. 


AC  1.0 


PC(  1.0 


Number  on  right  of  column  represents  the  runway  transverse  slope  in  percent. 
^Under  construction. 


T,\1JU:  18.-  U.S.  POROUS  ASP'IALT  UUMWAY  SIRFACK  CONSTRUCTION 


Airport 


Hahn  AH  - M 
Ri\K  Milden  Hall 
Wiesbaden  - 


Jallas  NAS  - M 
Callup  (N.  Hex.) 


L»envcr  Stapleton  - C 
Denver  Stapleton  - C 
Great  Falls  Int.  - C 
Hot  Springs  (Va.)  - C 
Nashville  Metro.  - C 
Sioux  Falls  (N.  Dak.)  - C 
Springfield  (Mo.)  - C 
Vernal  (Utah)  - C 
Wichita  Mun.  - C 

Hellingham  (Wash.)  - C 
Ceda'’  City  (ttah)  - C 
Peas  VFD  - M 
Port ’and  (Maine)  - C 
RAF  Alconbury  - U 
UapiU  City  (S.  Dak.)  - r 
Uawstcin  Ali  - M 
Salt  Lake  City  (Utah)  - (i 
Salt  Lake  City  (I  tali)  - C 


K./iA 

2/JO 

U./  JA 

11/29 

12/JO 

1A/J2 

9/27 

IhL/JAU 

IbK/i^L 


Airport 


St.  Louis  Lambert  - 


Aberdeen  (S.  Dak.)  - 
Farmington  (N.  Mex.) 

Greensboro-High  Point 
Hiil  AFD  - M 
Las  Vegas  (Nev.)  - C 

RAF  Uentwaters  - M 7/25 

RAF  Lakcrheath  - M 6/2A 

Roswell  (N.  Mex.)  - C 17/35 

Sioux  City  (Idaho)  - C 17/35 

liolse  (Idaho)  - C 10K/28L 

Jackson  Hole  (Wyo.)  - C 18/Jb 

Jamestovti  (N.  Dak.)  - C 12/30 

Las  Vegas  (Nev.)  - C 1K/19L 

Missoula  (Mont.)  - C 11/29 

Monroe  (La.)  - t hH2 

rurre  tr.  .mV.)  - i M/31 


/ 

» 

I 

I 

( 


Ip,  mm/hr 


L - 0.61  ni  (2  m NOSE  WHEEL 


0 .04  . 08  0 . 04  . 08  in. 

PAVEMENT  SURFACE  TEXTURE  DEPTH.  T 


Figure  1,-  Rainfall  rate  required  to  flood  tire  path  on  conventional 
runway  surfaces.  Landings  on  center  line. 


'WIND 


TRANSVERSE  WIRE  COMB  LONGITUDINAL  BURLAP  DRAG 

SURFACE  TREATMENT  SURFACE  TREATMENT 

(PLASTIC  GROOVING) 

AVERAGE  TEXTURE  DEPTH  • 0.81  mm  (0.032  in.)  AVERAGE  TEXTURE  DEPTH  • 0.28  mm  (0.011  in.) 


Figure  2.-  Water  drainage  from  concrete  runway  at  PHF.  Water  truck 
wetting;  runway  6/24;  wind  from  60°  at  10  knots. 
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Figure  3.-  Space  shuttle  landing  facility  at  KSC. 


Figure  4.-  Space  aliutf  le  landing  laeiiitv  at  KSt:  with  slip-form 
pav  Inp  1*  I'fi'iiL  , It'V'elinj;  tul.e,  aii'i  1 aiu' 1 Lu<!  i tia  1 broom. 


UNGROOVED 


ORIGTNAJ’  PAG1-:  C: 

'"‘iHf  Ol.A.M'P. 


NASA  TRACK  TtSTt  DC-9  MIG  RIB'TREAj)  JIRE 
WATER  DEPTH : 2.5  TO  3.8  mm  (0.10  TO  0.15  in.) 
TIRE  INFLATION  PRESSURE;  965  kPa  (140  IWin'^ 

(MspIn-down  ’ *^'^°** 


7 spin-down 
’)spln-up  * 


91  knots 


VERTICAL 

LOAD 


SPEED.  10 
rps 


TOUCHDOWN 


106  knots 


89  knots  7 


TIME . sec 


Figure  9.-  Delayed  wheel  spin-up  at  touchdown 
on  flooded  runway. 


Figure  10.-  B-737  tire  reverted  rubber  skid  patch  after 
1.8  km  (6000  ft)  locked-wheel  skid  on  wet  smooth 
concrete. 
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CONCRETE  B-727  rr  CONCRETE  B*737 


^ Kff)antiskW 


^max  1 
— ” Mskid  i 

Mskid 


NORMAL 

RUBBER 

REVERTED 

RUBBER 


-h 


40  80  120  0 40 

GROUND  SPEED , knots 


80  120 


1971-73  FULL-SCALE  AIRCRAFT 
BRAKING  TESTS;  ARTIFICIAL 
WETTING  {WATER  TRUCKS) 


Figure  11,-  Aircraft  flight  test  confirmation  of  reverted 
rubber  hydroplaning  1965  NASA  track;  32  x 8.8  aircraft 
tire;  flooded  runway. 


FLUID  PRESSURE  DEVELOPMENT 

GOUGH  3-ZONE  CONCEPT  WITH  SPEED  UNDER  TIRE  FOOTPRINT 


ZONE  ZONE  ZONE 

0;  (D  a> 

BULK  THIN  DRY 
WATER  FIIM  CONTACT 


□ 


PAVEMENT 

TEXTURE 

MICRO 

MACRO 

SMOOTH 

LOW 

LOW 

rLTLrin 

GROOVES 

HIGH 

HIGH 

Figure  12,-  NASA  model  for  combined  viscous  and  dynamic 

tire  hydroplaning. 
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Figure  13.-  Prediction  of  aircraft  tire  friction  coefficient 
from  ground -vehicle  braking  test  on  a wet  runwa>  by  NASA 
theory. 


ROTATING  riRL  HYDROPLANING  PARAMIUR 

Figure  14.-  Empirically_derlved  relat ionsnip  between  sliding  (Y^) 
and  rotating  (\j^)  tire  hydroplaning  parameters. 
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igure  15.-  Alrcraft/ground-vehlcle  correlati.^n  probUi:. 
wet  and  puddled  smooth  concrete  surface. 


Figure  17.-  DBV/Hu-Heter  relationship  found  by 
USAF  tests  (ref.  28). 


MU-METER  READING  (34.8  knotsi 


Figure  18.-  DBV/Mu-Meter  relationship  found  by 
FAA  tests  on  31  runwavs. 


MU-METER  READING  (34.8  knots) 

Figure  19.-  Comparison  of  NASA  DBV  with  Mu-Meter. 


O B-737  TESTS  TREADED  TIRE 


SKIDDOMETER  (34.8  knots) 

rnox 


Figure  20.-  Comparison  of  NASA  DBV  with  skiddometer 


' ' B 73/  It  STS 
cA.  Kill  lESrS 


Figure  21.-  Comparison  of  NASA  DPA'  with  Miles  trailer. 
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rifpire  22.-  ProUkAlon  ol  CM  trailer  from  CM  trailer 

'■max  data.  AS'IM  stmic'tli  tread  tirts  data  from  reference 
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MILES  TRAILER  PREDICTION  O SKIOOOMETER  (BV-61  |i 
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SURFACE  I 
I I 


GROUND  SPEED,  knots 

Figure  23.-  Prediction  of  skiddometer  Umax  from  Miles  trailer 
Uskid  data.  Data  from  references  21  and  22. 
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Figure  2A.-  Prediction  of  skiddometer  and  OM  trailer 

from  DBV  Uskid  data.  Data  from  references  21,  22^  and  30. 
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Figure  27.-  Mu-Meter  correlation  with  aircraft  stopping 
distances  on  wet  surfaces. 
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Figure  2B.~  Aircraft /DRV  correlation  on  wet  runways 
for  diflerent  jot  transports. 


AIRCRAFT  BRAKING 
SYSTEM  EFFICIENCY 


O B-727  EXP.  DATA 
OBV  PREDICTION 


GROUND  SPEED  . knots 

Figure  29.“  Prediction  of  aircraft  braking  performance 
on  wet  runway  from  DBV  braking  test.  JFK  runway  4R/22L 
grooved  concrete;  water  truck  wetting. 


O AIRCRAFT 
DBV  PREDICTION 

rHOUSTON  I NT.  RUNWAY  8L/26R  fPOPE 
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Figure  30.-  Prediction  of  aircraft  braking  performance 
on  wet  runways  from  DBV  braking  test  for  DC- 9 and 
C-141  jet  transports. 


O AIRCRAFT  EXP.  DATA 
OBV  PREDICTION 


Figure  31.-  Prediction  of  aircraft  braking  performance  on  wet 
runway  from  DBV  braking  test  for  B-737  and  L-lOll  jet 
transports.  Roswell  runway  3/21;  smooth  concrete. 


i^JOK  "'v-'-  "'■iJ ■ 
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(a)  Plastic  grooving  with  scgwunted  drum. 
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(b)  Plastic  grooving  with  wire  comb. 

Figure  33 • — LXcUiiplus  of  plastic  grooving 
of  Portland  cement  concrete. 
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Figure  34.“  Wet  skid  resistance  uE  several  new  tj’po 
runway  surface  treatments.  Artifieial  wetting. 


Figure  35 Tire  damage  from  wheel  spin-up  at  touchdown  on  dry 
grooved  runway*  V* allops  grooved  concrete;  groove  pattern, 
25  X 6 X 6 mm  (1  X 1/4  X 1/4  in*);  CV-990  jet  transport 
MLG  tire,  size  41  x 15*0-18;  p ® 1102  kPa  (160  Ib/in  ); 

Vq  « 125  knots* 


Figure  16*-  humbiT  of  pun»ut;  Iriclion  course  runways 
nt  l*F>*  air  carrier  airports* 


BEFORE  GROOVING* 
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CLEAN  (NO  RUBBER) 
ATD»  0.457mm  (0.018  In.) 


% 


HEAVY  RUBBER  DEPOSITS 
ATD  s 0.178  mm  (0.007  In.) 


AFTER  GROOVING* 
38x6x6mm 
(l*^x  ln.)» 

MAY  1973 


CLEAN  (NO  RUBBER) 
ATD  « 1.439mm  (0.057  In.) 


HEAVY  RUBBER  DEPOSITS 
ATD  **  1.207mm  (0.048 in.) 


Figure  37.-  Llfect  of  rubber  deposits  on  runway  surface  texture. 


CLEAN  (NO  RUBBER! 

RUBBER  DEPOSITS 


Figure  3«.-  i;ff..ct  of  rubber  deposits  on  mmh, 
traction  before  and  after  >,i  .m'v  i n.  . 


BEFORE  RUBBER  REMOVAL 
MAY  15,  1975 


AFTER  RUBBER  REMOVAL 
MAY30,  1975 


Figure  39.-  Approach  end  of  i^Al'a  runway  2 5 before  and  after 
rubber  removal  by  blgli-pr esnure  water  olant. 
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DEVKLOJ’HRNTS  IN  Ni;W  ATRCRAFT  TIKE  TREAD  MATERIALS 

Thoma.'i  J . Yaf’er  and  .John  L.  McCarty 
NASA  l.anj'Xoy  RoMoarch  Center 

S.  K.  R Icel t lei lo  and  M.  A.  Golub 
NASA  Ames  Research  Center 


SU^L•■IARY 

Comparative  laboratory  and  field  tests  were  conducted  on  experimental 
and  state-of-the-art  aircraft  tire  tread  materials  in  a program  aimed  at 
seeking  new  elastomeric  materials  which  would  provide  improved  aircraft  tiro 
tread  wear,  traction,  and  blowout  resistance  in  the  Interests  of  operational 
safety  and  economy.  The  experimental  stock  was  formulated  of  natural  rubber 
and  amorphous  vinyl  polybutadiene  to  provide  high  thermal— oxidative  resist- 
ance, a characteristic  pursued  on  the  premise  that  thermal  oxidation  is 
involved  both  in  the  normal  abrasion  or  wear  of  tire  treads  and  probably  in 
the  chain  of  events  leading  to  blowout  failures.  Results  from  the  tests 
demonstrated  that  the  experimental  stock  provided  better  heat  buildup 
(hysteresis)  and  fatigue  properties,  at  least  equal  wet  and  dry  traction, 
and  greater  wear  resistance  than  the  state-of-the-art  stock. 
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INTRODUCTION 

Apart  from  occasional  traction  problems  on  wet  or  icy  runways,  the 
major  tire  concerns  of  commercial  and  military  aviation  are  those  which  lead 
to  tire  removal.  The  primary  concern  is  tread  wear  or  abrasion  which  results 
from  braking  and  cornering  maneuvers  and  from  wheel  spinup  at  touchdown. 
Cutting  is  another  cause  for  tire  removal  and  it  is  generally  attributed  to 
characteristics  of  the  runway  surface,  such  as  sharp  aggregate  or  uneven  slab 
joints,  and  to  the  presence  of  foreign  objects.  Other  causes  Include  tearing 
and  chunking  where  strips  or  chunks  of  rubber  are  separated  from  the  tire 
during  high-speed  operations  generally  on  a dry,  rough  runway.  In  the 
Interests  of  operational  efficiency,  there  is  a clear  need  to  prolong  the 
lifetime  of  a tire  tread  to  minimize  replacement  costs  and  to  reduce  the 
"downtime''  of  the  aircraft.  In  the  interests  of  aircraft  safety,  blowouts 
and  related  tire  failures  obviously  need  to  be  reduced  to  negligible 
levels. 

Keeping  a fleet  of  airplanes  properly  shod  is  a definite  economic  prob- 
lem, particularly  since  the  lifetime  of  a tire  tread  can  extend  from  approx- 
imately 300  take-off  and  landing  cycles  all  the  way  down  to  10  to  15  cycles, 
depending  upon  the  aircraft  and  the  nature  of  its  operation.  Over  half  a 
million  aircraft  tires  were  manufactured  in  this  country  during  1975  to  help 
maintain  the  operation  of  this  nation's  commercial  and  military  aircraft. 
Fortunately,  in  contrast  to  automobile  tires,  the  carcass  of  an  aircraft  tire 


I > 


BLANK  NOT  FILMUI 


247 


o o ® 


X 


I 


1 


N 


I 
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•iivl  lluae  tire.s  are  cnnlioiiiai  Uy  retreaded  live  or  i-.  U tliMo  l.elo/e  l.’elnn  .s.rappod, 
111.,  oiil  ul  retrcadlnn  la  approximately  om-fouri|,  i |„  , ,,(  a new  tire.  In 

view  .0  I.nel,  eeonomle  and  Inherent  nalety  conniderati oni.,  the  themlcal  Itenoarch 
I'l.iieLis  Hill,.,,  at  Allien  Kenearuh  Center  tnntttuted  a prof.ram  to  la-e.t  new  c-lnnto- 
merle  m.ii.  ialn  whleh  would  provide  Improved  tire  tread  wear,  traction,  .and 
hl.iwoiiL  1 o.^intanee.  A.ldltlonal  impetiiH  for  the  pron.ram  wan  provJdel  by  the 
MAS/’  nea.-aieh  Advln.'iy  Snheommittee  on  aircraft  Oiieratlnn  l•roblemn,  which  rocot- 
ni:-.-d  In  a l't(„s  renolnl  Ion  the  need  for  hieh-perfornanre  aircraft  tires  with 
hi'l'io.,o.d  weai  and  nalety  character  Int  Ics . The  puriiene  of  thin  paper  is  to 
aullv  (!ehi  j Ibe  'he  result!,  from  Initial  developments  at  Ames  on  a new  elastomer 
onunlation  (or  alrcralt  tires  and  to  present  preliminary  results  from  traction 
ant  t.>e  u espei  liiients  comhicLed  under  the  nuidanc.e  of  Lannley  Research  Center  on 
tires  retreaded  w’lth  this  new  formulation. 


TIRK  TKKAI)  RUBBER  DEVELOPMENT 


Amon).  the  many  elements  which  make  up  an  aircraft  tire,  the  elastomer  sys- 
tem constitutes  the  critical  component  since  its  molecular  structure  and  chemical 
reactivity  must  offer  the  optimum  balance  of  mechanochemical,  thermal-oxidative 
stalulity  and  viscoelastic  properties.  State-of-the-art  treads  for  jet  trans- 
poris  typically  comprise  a 75/25  polyblend  of  cis-polyiropreiie,  either  as  natural 
lubber  (NR)  or  synthetic  natural  rubber"  (SN),  and  cis-polybutadiene  (CB). 
AlLliou)h  Lliis  is  the  basic  blend,  variations  do  exiat  between  different  tire 
manufacturers  and  for  specific  tire  operational  needs.  (The  tire  tread  for  the 
C.oncor.le,  for  example,  is  made  from  all  natural  rubber.)  In  addition  to  the 
elastomer  system,  other  tread  Ingredients  include  a vulcanizing  agent  (sulfur 
or  other  curative),  reinforcement  pigments  (e.g.,  carbon  black),  accelerators, 
stabilizers,  processing  aids,  and  cord  material.  Each  of  these  ingredients,  as 
well  as  assorted  engineering  parameters  such  as  tread  design  and  ply  construc- 
tion, must  be  optimized  for  a particular  tire  formulation  and  use. 


It  was  decided  early  in  the  program  to  focus  attention  on  the  development 
<>i  elastomers  which  would  provide  a higher  thermal-oxidative  resistance  than 
state-ot -the-art  elastomers.  This  approach  was  pursued  on  the  premise  that 
tliei!!:,.  1 oxi.latJon  is  involved  In  the  normal  abrasion  or  wear  of  tire  treads  and 
probablv  it,  the  chain  of  events  leading  to  blowout  tire  failures.  It  was  also 
recognized  that  optimization  of  the  tire  formulation  could  best  be  accomplished 
by  the  Lire  industry  once  the  enhanced  thermal-oxldatlve  stability  of  a new 
I riuid  composition  had  been  demonstrated. 

1 lie  ibermal-ox Idat  U)n  studies  which  ensued  led  to  the  vlc*w  tliat  .a  new 
elasl.imer,  amorphous  vlnvl  pelybutad  lene  (VB) , having  its  double  bonds  (ivhlcb 
are  re<|ulred  for  vulcanization)  outside  the  main  polvmier  chain,  would  be  more 
oxidatively  stable  at  a given  temperature  than  state-of-the-art  elastomers  which 
have  their  .louble  bonds  inside  the  main  chain.  An  experimental  tire  tread 
stocL,  coi.s  1st  tng  el  a 75/25  blend  of  N'R/VB,  was  formulated  and  tested  against 
state-ol  the-art  stock  (75/25  N’R/(',B)  (Dr  comparative  heat  I.iii  KIiip  (livsteresi  s) , 
latigiie,  traction,  and  v.'eai  characteristics. 
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RRSULTS  AND  DISCTSSTOI! 

Ijiboratnrv  Tet?tH 

The  Initial  tests  on  the  two  tread  stocks  were  performed  In  the  laboratory 
on  small  specimens  uslnp  testinp,  machines  and  procedures  which  have  been  stand- 
ardlzed  for  such  tests. 

Heat  buildup  and  blowout.-  The  results  from  heat  buildup  and  blowout  flexure 
tests  are  presented  in  figure  J.  The  figure  shows  that  the  temperature  rise 
AT  after  30  min  of  flexing  in  the  two  heat  buildup  tests  is  less  in  the  exper- 
imental stock  than  it  is  in  the  standard  or  state-of-the-art  stock.  The  differ- 
ence is  appreciable  in  the  case  where  working  of  the  samples  commences  at  an 
elevated  temperature.  This  comparison  suggests  that  the  experimental  stock  has 
the  better  thermal  stability,  particularly  at  higher  temperature  levels  where 
this  stability  is  needed.  Similar  temperature  buildup  trends  are  noted  in  the 
heat  blowout  tests  in  which  the  samples  are  worked  at  a higher  energy  level 
(sample  loaded  to  1110  N as  opposed  to  778  N in  the  buildup  tests  and  a com- 
pression stroke  of  6.4  mm  as  opposed  to  5.7  mm).  During  the  blowout  test  which 
commenced  at  38°  C,  the  standard  stock  failed  after  36  min  with  a temperature 
rise  of  81.7°  C,  whereas  the  experimental  stock  sample,  which  had  not  failed 
when  the  test  was  concluded  after  an  hour,  had  a of  only  62.2  C,  which 

was  measured  after  the  sample  had  been  subjected  to  a working  ^i®®  lasting 
24  min  longer.  For  the  heat  blowout  test  which  commenced  at  100  C,  the  tem- 
perature rise  was  essentially  the  same  in  both  samples,  even  though  the  tempera- 
ture of  the  experimental  stock  at  failure  was  recorded  after  a working  time 
approximately  50  percent  longer  than  that  of  the  standard  stock  sample.  The 
longer  blowout  times  associated  with  the  experimental  stock  suggest  that  it  is 
d stronger  material  than  the  state-oi-the—art  stock* 

Cut  growth.-  Figure  2 presents  the  results  from  flexure  tests  on  pierced 
samples  of  the  experimental  and  standard  stock  to  determine  cut  growth  character- 
istics. The  figure  shows  that  at  room  temperature  the  experimental  stock  has  a 
higher  initial  rate  of  cut  growth  than  the  standard  stock;  ho\-?ever  the  data 
suggest  that  the  experimental  stock  has  a lower  overall  cut  grow’th  alter  a 
prolonged  period.  More  importantly,  this  observation  ot  a better  cut  growth 
property  of  the  experimental  stock  is  reinforced  by  measurements  taken 
1 hour  at  elevated  temperatures  when;  the  potential  tor  chunking  iS  signil leant. 


Field  Tests 

On  the  basis  of  the  successful  performance  demonstrated  by  the  experimental 
rubber  stock  during  laboratory  tests,  a number  of  slxe  49  • 17,  type  VII,  air- 
craft tires  were  retreaded  with  the  new  N’K/VB  formutation.  Following  qualifica- 
tion for  aircraft  use  on  a dynamometer  at  V.'right-l’atterson  Air  force  Base,  Oh  o, 
the  tires  were  shipped  to  l.angley  Research  Center  lor  traction  and  weal 
under  actual  and  simulated  flight  cenditions.  For  c.M«parison  purposes, 
tional  tires  were  retreaded  in  the  same  mold  but  witli  the  standard  state-of-the- 
art  NR/CB  rubber  lonnulatlon  and  also  shipped  to  l,.ingle>. 
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lEactlon.-  One  tire  of  each  rubber  formulation  was  Installed  on  the  larce 
test  carriage  at  the  Langley  aircraft  landing  loads  and  traction  facility,  ^ 
traction  to  ascertain  whether  the  new  tread  rubber  stock  had  any 

menrii  equipped  with  both  the  Standard  and  the  experi- 

braking  cycles,  which  extended  from  free  rolling 

It  test®«n!^r  similar  dry,  damp,  and  flooded  concrete  runway  surfaces 

at  test  speeds  up  to  approximately  100  knots.  The  insert  in  figure  3 is  a 

supported  the  tire  and  was  instrumented  to 
moments  exerted  on  the  tire  during  the  course  of  a braking 
test.  Some  typical  results  from  these  tests  are  given  in  figure  4 where  the  * 
mximum  braking  friction  coefficients  developed  by  the  two  tires  on  a dry  and 
on  a flooded  surface  are  presented  as  a function  of  carriage  ground  speed.  The 

developed  friction  did  not  deteriorate  when  the 

stock  ^ replaced  by  one  with  the  experimental 

wt,  experimental  stock  provided  maximum  friction  coefficients 

on  both  the  dry  and  the  wetted  surface  which  were  as  high  or  higher  than  those 
measured  with  the  standard  stock* 

^ear.-  The  extent  of  the  tread  wear  associated  with  each  tire  during  the 

was  obtained  by  noting  the  gauged  difference  in  the  average  tread 
groove  depth  around  the  tire  circumference  prior  to  and  following  the  test 
program.  Unfortunately,  it  was  difficult  to  use  this  information  to  form  the 
basis  for  comparing  the  wear  resistance  of  the  two  tread  materials  because  the 
tires  were  not  exposed  to  identical  test  conditions  of  ambient  temperature, 
speed,  and  the  number  and  length  of  each  brake  cycle.  However,  it  was  interest- 
ing to  note  that  both  tires  experienced  essentially  the  same  average  loss  in 
tread  thickness  but  the  tire  with  the  experimental  tread  material  was  exposed 
to  approximately  50  percent  more  brake  cycles  than  the  tire  with  the  standard 
tread  material.  Thus,  on  the  basis  of  this  information  the  experimental  stock 
appeared  to  have  better  wear  properties  than  the  standard  stock. 

To  acquire  meaningful  tire  wear  data  resulting  from  actual  aircraft  take-off 
operations,  NASA  enlisted  the  services  of  the  FAA  Aeronautical  Center 
in  Oklahoma  City  to  fly  sets  of  tires  equipped  with  the  experimental  and  standard 
tread  stocks  on  a Boeing  727  airplane.  For  these  tests,  tires  with  the  experi- 
m^tal  stock  were  installed  on  the  inboard  wheel  of  one  gear  and  the  outboard 
l^eel  of  the  other;  at  the  same  time,  tires  with  standard  stock  were  mounted  on 
the  remaining  wheels  for  comparison  purposes.  The  upper  photograph  in  figure  5 
was  taken  during  the  course  of  this  program  and  shows  the  airplane  immediately 
following  main  gear  touchdown,  the  smoke  from  that  event  being  quite  visible. 

The  o^ber  two  photographs  in  this  figure  are  closeup  views  of  a gear  with  newly 
installed  tires  and  with  a tire  worn  to  the  removal  stage.  Through  the  highly 
cooperative  efforts  of  the  FAA,  tread  depth  measurements  were  periodically  taken 
across  the  tread  and  around  the  circumference  of  all  four  tires  in  a test  set  to 
e ne  the  pattern  and  the  extent  of  tread  wear*  Four  test  sets  involving  eight 
tires  retreaded  from  the  NR/VB  stock  and  a like  number  retreaded  from  the 
standard  state-of-the-art  NR/CB  stock  from  two  sources  were  flown  in  this  test 
program.  The  information  contained  in  figures  6 and  7 typify  the  results. 

Tread  profiles  at  selected  stages  of  the  tread  lifetime  are  given  in  fig- 
ure 6.  The  profiles  shown  were  obtained  from  tread  depth  measurements  taken  on 
a tire  equipped  with  standard  tread  stock  and  mounted  on  the  left  Inboard  wheel. 
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The  wear  pattern  i«  not  unique;  tires  retreaded  with  both  the  expcrinuuital  and 
standard  stocks  at  other  wheel  locations  on  the  gear  showed  similar  wear  prop- 
agation* The  figure  identifies  the  original  tire  profile  and  worn  prof  iJes 
after  a designated  number  of  landing  operations,  including  that  after  I’bl  land- 
ings when  the  tire  was  removed  because  marker  cords  were  visible.  The  history 
of  this  and  the  other  treads  In  the  aircraft  test  program  differed  from  that  of 
treads  on  commercial  aircraft  tires  because  the  test  airplane  landings  wre 
predominantly  touch'-and-go  operations  conducted  during  pilot  training  exercises. 
However  a query  of  aircraft  tire  retreaders  revealed  that  Boeing  727  tires  worn 
during  commercial  service  had  similar  final  profiles  which  showed  very  little 
wear  near  the  outer  edges  of  the  tread.  In  view  of  this  wear  pattern,  the  two 
tire  tread  compounds  were  compared  on  the  basis  of  tread  depth  measurements 
taken  only  along  the  two  inner  grooves.  Results  of  measurements  from  two  sets 
of  test  tires,  which  typify  all  the  data,  are  presented  in  figure  7 where  the 
wear  in  terns  of  percent  tread  worn  is  plotted  as  a function  of  the  number  of 
landing  operations.  The  percentage  tread  wear  was  derived  by  averaging  tread 
depth  measurements  along  the  circumference  of  the  two  inner  grooves  of  both 
experimental  tread  stock  tires  and  both  standard  tread  stock  tires  in  each  set. 
Note  tliat  this  percentage  never  reached  100  percent  since  each  tire  was  removed 
from  the  airplane  when  a wear  marker  was  exposed,  and  as  a result  some  tread 
remained  about  the  circumference,  as  shown  in  figure  5.  Figure  7 shows  that 
the  wear  performance  exhibited  by  the  experimental  stock  is  equivalent  to  or 
better  than  the  standard  stock.  The  wear  performance  of  this  experimertal  tread 
stock  is  most  encouraging  because  it  means  that  a material  has  been  developed 
which  possesses  good  hystercvsis,  fatigue,  and  friction  characteristics  without 
a sacrifice  in  lifetime.  Indeed,  the  formulation  of  the  stock  tested  here  was 
an  initial  attempt  and,  as  such,  was  not  considered  the  optimum  blend  cf  ingre- 
dients which  are  added  to  the  elastomer  system  to  provide  the  best  wear  charac- 
teristics. It  is  likely  that  a blend  could  be  perfected  which  would  consider- 
ably improve  tread  longevity. 

It  is  also  of  interest  to  note  in  figure  7 that  the  number  of  landing 
operations  in  the  tread  life  of  the  tires  exposed  to  predominantly  touch-and-go 
operations  is  comparable  to  the  number  of  full-stop  landing  operatiors  generally 
available  with  tires  in  coraraercial  service.  Since  touch-and-go  operations 
involve  no  wheel  braking  end  very  little  cornering,  this  agreement  woxild  suggest 
that  perhaps  the  major  source  of  tire  wear  occurs  during  wheel  spinup.  The  fact 
that  the  wear  is  predominantly  in  the  central  area  of  the  tread  - the  area  which 
at  touchdown  first  contacts  the  runway  surface  - would  appear  to  support  tliis 
possibility* 

The  authors  are  aware  that  the  tread  wear  evaluation  obtained  from  the 
FAA  Boeing  727  aircraft  operations  was  based  on  a comparatively  small  data 
sample.  Arrangements  are  being  made  to  retread  50  additional  tires  with  this 
experimental  stock  for  use  by  a commercial  al  ixne  dtirlng  normal  operatlont^  on 
a variety  of  runway  surfaces* 


CONCLUDING  REMARKS 

Comparative  laboratory  and  field  tests  were  conducted  on  an  experimental 
tire  tread  stock  formulated  of  a 75/25  blend  of  natural  rubber/ainorphuus  vinyl 
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polybutadiene  and  on  a state-of-the-art  tire  tread  stock  with  75/25  natural 
rubber/cis-polybutadiene.  These  tests  constituted  the  initial  effort  in  an 
overall  research  program  aimed  at  seeking  new  elastomeric  materials  vdilch  would 
provide  In^roved  aircraft  tire  tread  wear,  traction,  and  blowout  resistance  in 
the  Interests  of  operational  safety  and  economy.  The  experimental  stock  was 
selected  to  provide  high  thermal-oxidative  resistance,  a characteristic  pursued 
on  the  premise  that  thermal  oxidation  is  Involved  both  in  the  normal  abrasion 
or  wear  of  tire  treads  and  in  the  chain  of  events  leading  to  blowout  tire 
failures.  Results  from  the  tests  demonstrated  that  the  experimental  stock 
provided  better  heat  buildup  (hysteresis)  and  fatigue  properties,  at  least  equal 
wet  and  dry  traction,  and  greater  wear  resistance  than  the  state-of-the-art 
stock.  No  attempts  were  made  in  this  initial  phase  of  the  overall  tread  develop- 
ment program  to  optimize  the  experimental  formulation  since  the  intent  here  was 
only  to  demonstrate  the  concept  of  an  improved  tread  stock  based  on  amorphous 
polybutadiene.  Such  an  optimization,  which  could  result  in  much  longer 
tread  lifetimes,  would  best  be  accomplished  by  the  tire  Industry.  Meanwhile, 
efforts  continue  at  Ames  and  Langley  Research  Centers  to  develop  and  evaluate 
new  tire  tread  compounds  aimed  at  improving  the  econony  and  safety  of  aircraft 
ground  operations. 
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HEAT  BUIIDUP  HFAT  BIOWOUT 


Figure  1.-  Heat  buildup  and  blowout  test  results. 


Figure  2. 


Cut  j'.rnwlh  I fsl  results. 


Figure  5.-  Aircraft  tire  tread  wear  evaluation. 


lANDING  OPERATIONS 


Figttre  6,-  Typical  propagation  of  tire  tread  wear  of  the 
main  gear  tire  on  VAA  Hoeing  7.7  7 airplane*. 
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STATUS  OF  RECENT  AIRCRAFT  BRAKING  AND  CORNERING  RESEARCH 

Sandy  M.  Stubbs  and  John  A.  Tanner 
NASA  Langley  Research  Center 


SUMMARY 
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In  an  effort  to  enhance  the  safety  of  aircraft  antiskid  braking  and 
steering  systems  under  adverse  weather  conditions,  NASA  Langley  Research 
Center  is  currently  conducting  two  parallel  research  programs.  One  program 
is  an  experimental  study  of  antiskid  braking  systems  and  the  second  program 
is  the  development  of  an  aircraft  ground  handling  simulator. 

Two  antiskid  systems  have  been  investigated  to  date:  the  first  was  an 

older  velocity-rate-controlled  system  and  the  second  was  a more  recent  system 
designed  to  operate  at  a constant  slip  ratio.  Initial  results  indicate  that 
for  both  systems  there  was  a rapid  deterioration  in  tire  cornering  capability 
with  increased  braking  effort,  and  the  braking  performance  was  degraded  on 
wet  runway  surfaces.  As  expected,  however,  the  braking  performance  of  the 
newer  antiskid  system  was  shown  to  be  somewhat  better  than  that  of  the  older 
system  on  both  dry  and  wet  surfaces. 


The  adequacy  of  a simulator  hardware /software  program  to  represent  air- 
craft ground  handling  characteristics  has  been  evaluated  for  a wide  variety 
of  operational  conditions  during  demonstration  flights  made  by  several  experi- 
enced test  pilots.  Based  on  their  recommendations,  some  changes  are  currently 
being  made  to  improve  the  simulation  capability  before  it  is  implemented  at 
Langley  Research  Center. 


INTRODUCTION 

Operating  statistics  of  modern  aircraft  indicate  that  the  antiskid  brak- 
ing and  steering  systems  used  on  these  airplanes  are  both  effective  and 
dependable.  The  several  million  landings  that  are  made  each  year  in  routine 
fashion  with  no  serious  operating  problems  attest  to  this  fact.  As  aircraft 
avionics  improve,  however,  the  number  of  adverse  weather  landings  also 
Increases  and  thereby  Imposes  greater  demands  on  aircraft  braking  and  steer- 
ing systems.  If  compromises  in  the  safety  of  aircraft  ground  operations  are 
to  be  avoided,  the  performance  of  these  braking  and  steering  systems  under 
slippery  runway  conditions  must  continue  to  improve. 

In  an  effort  to  meet  this  need,  NASA  is  currently  conducting  two  parallel 
research  programs.  One  program  is  an  experimental  study  of  the  performance  of 
several  different  aircraft  antiskid  braking  systems  under  the  controlled  con- 
ditions afforded  by  the  Langley  aircraft  landing  loads  and  traction  facility. 

The  second  is  the  development  of  a motion  base  aircraft  landing  ai.J  take-off 
simulator  program  which,  when  completed,  will  be  implemented  at  Lanp.ley  for  use. 
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among  other  appUcations , as  a n.'soarcli  tool  to  study  aircraft  braking  and 
steering  operations  under  adverse  weather  conditions  without  risk  to  aircraft 
and  flight  crew. 

The  purpose  oi  tliis  paper  is  to  present  findings  to  date  on  the  antiskid 
research  program  and  to  describe  briefly  the  ongoing  development  and  status  of 
the  aircraft  landing  and  take-off  simulator  program. 


.'  NTISKID  BRAKIKC  RESEARCH  PROGRAM 
Objectives 

The  objective  of  the  antiskid  braking  research  is  to  find  the  sources  of 
degraded  performance  which  sometimes  occur  under  adverse  runway  conditions  and 
to  obtain  data  necessary  to  the  development  of  more  advanced  systems  in  an 
effort  to  Insure  safe  ground  handling  operations  under  all-weather  conditions. 
Secondary  objectives  are  to  acquire  tire-to-ground  friction  characteristics 
under  braking  conditions  which  closely  resemble  those  of  airplanes  under  heavy 
braking  and  to  relate  braking  data  from  single— wheel  landing  loads  track  tests 
with  those  available  from  full-scale  flight  tests. 


Apparatus 


Test  facility.-  The  antiskid  tests  are  being  performed  at  the  Langley  air- 
craft landing  loads  and  traction  facility  utilizing  the  test  carriage  shown  in 
!•  Figure  2 is  a photograph  of  the  DC— 9 tire  wheel  and  brake  assembly 
used  in  the  test  program  mounted  on  the  instrumented  d3niamometer  which  measures 
the  various  axle  loadings.  DC-9  equipment  is  being  used  because  of  the  avail- 
ability of  flight  test  data  from  nn  earlier  DC-9  program.  The  tire  is  a 

40  X 14,  type  VII  bias  ply  aircraft  tire  of  22  ply  rating  and  both  new  and 

bread  conditions  are  being  investigated.  The  3b5-m  runway  has  a smooth 
concrete  surface  and  tests  art  being  conducted  with  the  surface  under  dry, 
damp,  and  flooded  conditions.  With  the  exception  of  transient  runway  friction 
tests,  the  entire  runway  is  maintained  at  one  uniform  surface  wetness  condition 
and  antiskid  cycling  generally  occurs  for  approximately  300  m. 

Skid  control  systems.-  To  date,  a veloci ty-rate-controllcd , pressure-bias- 
modulated,  skid  control  system,  hereafter  referred  to  as  system  A,  and  a slip 
command  system,  hereafter  referred  to  as  system  B,  have  been  investigated. 

System  A is  of  interest  in  that  it  is  a relatively  early  skid  control  technique 
(about  10  to  15  years  old)  but  one  that  is  still  in  widespread  use  on  many  com- 
mercial and  military  aircraft.  System  B is  a more  recent  design  based  on  main- 
taining the  braked  wheel  at  a constant  slip  ratio  > hile  inking  tlie  nose  wheel 

speed  for  a reference  speed  Input  to  compute  that  ratio.  Both  antiskid  control 
systems  used  the  same  hydraulic  components  and  line  lengths  for  a single  wheel 
of  the  dual-strut  four  main-wheel,  McDonnell -Douglas  DG-9  series  10  airplane. 
Schematic  diagrams  of  both  systems  are  shown  in  figure  3.  Pressure  from  a . lly 
open  pilot  metering  valve  (to  exert  maximum  braking)  is  regulated  by  tlie  anti- 
skid control  valve  and  is  fed  to  the-  brake.  For  system  A (fig.  3(a)),  braked 
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wheel  speed  is  fed  to  the  antiskid  elet:tr<mlc  rontrol  hn>;  whiih  ■ ru’  < • > I ho 
change  in  angular  velocity  (acceleration)  of  tju*  hrakoi!  wlu*o]  .m*l  junor/uos  a 
voltage  to  the  control  valve  that  Is  a function  of  tlu‘  r ami  dojOh  oj 

previ(ms  skids.  The  antiskid  control  box  of  systi'tn  W (\  on  tin*  <aher 

hand,  compares  the  speed  of  the  braki’d  wIjcl*!  witli  that  oi  tlm  unbT.ifo'l  nost* 
wheel  and  generates  a current  to  the  contrt'I  valve  to  niaini.iin  I'ns^suro  sulfi- 
dent  to  control  the  braked  wheel  at  15  percent  si  Ip  with  la  spool  lo  tin*  nnhrakcd 
nose  wheel • 


Test  Results 


Antiskid  response  Typical  time  histories  of  par.imot  t*rs  v*hich  illustrate 
the  nature  of  the  response  characteristics  ot  the  two  auliskid  svsli’ms  aro 
presented  in  figure  4,  These  parameters  include  the  wheel  speedy  -^kid  signal, 
brake  pressure,  and  drag-force  friction  coefficient,  and  serve  ti>  siiow  the 
adaptive  characteristics  of  the  antiskid  systems  as  thev  (.*x]a.  r ienm*  an  abrupt 
change  in  runway  friction.  At  the  start  of  the  test,  for  system  A (fig*  4(a)), 
the  tire  is  operating  on  a dry  runway  and  when  a pressure  of  20  MPa  is  applied 
to  the  brake,  the  drag  friction  coefficient  developed  between  the  tire  and  the 
runway  increases  to  approximately  0,65,  Approximately  3,5  secamds  into  the 
test,  the  runway  condition  changes  abruptly  from  dry  to  floiul(»d  and  the  wheel, 
still  under  heavy  braking.  Immediately  enters  into  a deep  skid  wliicli  pn)duces 
a full  skid  signal  to  the  antiskid  control  valve.  The  valve,  in  turn,  reduces 
the  brake  pressure  to  allow  spinup  of  the  braked  wheel,  blien  tlu»  wheel  spins 
up  to  free  rolling  speed,  the  skid  signal  drops  but  not  completely  and  allows 
brake  pressure  to  be  reapplied  at  a reduced  rate  which  is  result  of  the  pres- 
sure bias  modulation  circuit  of  system  A,  Five  subsequent  cvclf^s  ensue  on  the 
flooded  surface  as  the  system  allows  the  pressure  to  build  up  to  preduce  a skid 
and  then  decrease  to  permit  wheel  spinup.  The  inability  of  systen'  A to  prevent 
these  deep  skids  on  a flooded  runway  is  attributed,  at  least  in  part,  to  tue 
fact  that  the  brake  torque  capacity  greatly  exceeds  the  r(.‘sisting  tlrag  force, 
to  the  low  spinup  torque  available  on  wet  surfaces,  and  to  the  40  ms  response 
time  required  for  the  antiskid  system  to  react  to  abrupt  ch jnges  in  \/heel  speed. 
The  response  time  delay  appears  to  be  the  result  of  electronic  lags  in  the  anti- 
skid control  box  which  occur  when  the  wheel  speed  ac  sign.il  is  ct)nverted  to  a 
dc  voltage  that  is  supplied  to  the  antiskid  control  valve. 

The  test  with  system  B,  presented  in  figure  4(b),  also  ^diows  •»  loiildup  in 
friction  coefficient  on  the  dry  surface  with  brake  appliiMtion,  In  Lliis  test 
the  dry  surface  was  sufficiently  long  for  antiskid  cyc-Iing  If  o.s  or  , Vi^tc  that 
the  high-frequency  oscillations  in  wheel  speed  correspond  lo'  skid  signals  atnl 
brake  pressure  releases  and  result  In  a fairly  uniforv*  dr  f rc‘*  )riili"n 
coefficient.  At  approximately  6,2  seconds , th.‘  rum^ay  corn’ll  m'u  rbomos  ;d»ruptlv 
from  dry  to  flooded  and,  as  a result,  the  wheel  enters  a deep  skid.  ibis  deep 
skid  produces  a full  skid  signal  which  reduces  the  brakv'  psa  ano  [•  mar  .-a  r*. 
After  the  initial  transition,  system  B control‘s  the  br.il  e | n a om  'a  r\  voM, 
prevents  further  deep  skids,  and,  most  importantly,  tno  i u t a i o ■ a i i I aonstant 
drag  coefficient. 


Typical  tire  frictional  response  to  antiskid  br.ilini’  <*n  dr  avd 
runway  surfaces  is  presented  in  l igure  S where  the  drar-  lo'  i • - 
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1 I i < t ion 
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: coefftclentB  fur  the  tire  yawed  t o and  o|)^‘rat  /it  a nominal  apeed  of 

\ l\  75  knotB  are  plotted  an  a funi  tioii  nj  wlu*rl  »:!  Ip  r/itiu,  A nllp  ratio  of  0 cor*” 

i i responds  to  a freely  rolling  wlua*l  and  a si  Ip  ratio  of  I corresponds  to  n locked 

wheel  skid*  ihe  data  f»reaeiiLod  In  ihc  1 l)»urr  v/j.m  r g(*nt*r/ited  by  system  A and 
I Illustrate  the  cyclic  naturr*  ol  tho  lrl»  Mon  drvelopcnl  during  antiskid  braking 

! control*  The  classical  |i  slli*  fuitvi^  (lad  . \)  is  /i  sm oth  curve  that  reaches 

I a peak  somewhere  between  10  pi  rcent  ;md  ;io  porcint  slip  (p  denotes  friction 

; ;i  coefficient)*  These  data  show  tliat  uml(‘r  realistic  conditions,  however,  the 

'I  curve  is  not  smooth  because  ot  runway  tuupjuu*ss,  flexibility  in  the  wheel  sup— 

' .i  which  would  be  reflecljd  In  tlie  uieasurc'd  drag  and  side  forces,  variations 

; the  runway  friction  character  1st  icc> , aiid  the  spring  coupling  between  the 

I wheel  and  the  pavement  provided  by  tlie  tJre*  Tlie  data  in  the  figure  Illustrate 

the  traction  losses  assoc ici ted  with  llcjuded  runway  operations*  For  example,  on 
! ^ the  dry  surface  the  maximum  drag-force  friction  coefficient  reaches  approxl- 

; mately  0.6  but  on  the  flooded  surface  It  never  exceeds  0.2*  A similar  loss  Is 
i i:  noted  in  the  developed  side-force  friction  coefiicient  when  the  surface  is 

J j flooded*  The  figure  also  demonstrates  the  rapid  deterioration  in  the  tire  ror- 

nerlng  capability  with  increased  braking  effort*  For  example,  at  a slip  rrtio 
I !r  only  0*3,  the  side— force  friction  coefficient  had  decreased  approximate ly 

: 60  percent  on  the  dry  runway  and  to  negligible  values  on  the  flooded  runWiy* 

■ •» 

1 ;i  Antiskid  perfonpance.—  A measure  of  the  antiskid  performance  can  be  obtained 

r r from  the  ratio  of  the  average  drag-force  friction  coefficient  developed  by  the 

U system  to  the  average  maximum  available  drag-force  friction  coefficient  developed 

tire/pavement  interface.  This  ratio,  called  the  braking  performance  ratio 
. V purposes  of  this  paper,  is  presented  In  bar  graph  form  for  systems  A 

i ';  and  B in  figures  6(a)  and  6(b),  respectively . 

\ - 

i ^ The  values  in  this  figure  are  the  numerical  averages  of  all  the  data  for 

• ^ given  test  condition j for  example,  the  bar  graph  for  the  dry  surface  In 

; b(a)  is  the  average  of  all  dry  runs  at  regardless  of  speed,  vertical 

I force,  tire  configuration  or  system  pressure.  For  system  A,  the  average  perfor- 

; • mance  ratio  on  a O^y  surface  is  showi  to  increase  with  increasing  yaw  angle  and 

; f tire  vertical  force  and  to  decrease  when  a new  tire  was  replaced  by  one  with 

r.^  1^0  tread*  On  the  wet  runway  surfaces,  the  average  performance  ratio 

I also  decreases  with  a worn  tire  and  incrt:ases  with  tire  vertical  force*  There 

; was  no  conclusive  trend  In  braking  perfornuince  at  yaw  angles  of  3^  and  6^  but, 

! V:  general,  braking  performnucc  was  not  apprc^ciably  degraded  by  yaw  angle;  thus, 

h;  braking  characteristics  can  bi*  expected  to  l>e  good  during  crosswind  opera- 

: tions.  For  system  A tlie  best  braking  pcrfuinumce  was  obtained  with  a new  heavily 

; ^ loaded  tire  running  on  a dry  surlacc.  in  g.^neial,  similar  trends  were  noted 

I with  system  B (tig.  6(b)).  As  expected,  tliis  newer  system  exhibits  higher 

I..  * performance  ratios  for  every  Lest  condition,  but  both' systems  consistently  have 

I ; reduced  performance  ratios  on  slippery  suriaces.  Tims,  the  stopping  capability 

i n potential  of  an  airplane  on  a wet  ium;av  s.urlaci‘  is  hampered  not  only  by  the 

; . reduced  friction  level  but  also  by  the  itiibility  of  the  antiskid  vsystem  to 

! ' effectively  take  advantage  ui  the  Iriction  available. 
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AIRCRAFT  LANDlNfl  AIJU  TAKi>OFF  SIMffLA'n)R  nKVFLOPMKMT 


Ona  of  thu  appllcntlonn  ui  tlu‘  tintn  i rnni  tin*  <iut;Ij»l<lU  hraMnp.  n-'Hi  arch 
program  1h  to  provtdo  Inputn  noL’ojuiary  tu  tho  dcv<‘)upm<»nt  oi  landing,  ami  takt*’- 
off  simulation  tuclmology.  Tlu  following  p/ir/u»r/iplm  dliunwn*  tlm  |)arFf»ri)und * 
current  ntatun,  an  weil  an  llio  plaun  for  and  appl  loatlonn  ol  thin  <lovo  1 opnit^nt . 


lhacligruund 

It  is  common  knowledge  that  the  ground  opiratlon  nafely  marglnn  ol  aircraft 
are  reduced  by  combinations  of  such  factors  as  slippery  runways,  the  presence 
of  crosswinds,  poor  pilot  visibility,  excessive  tom  hdown  veh)cily,  and  equip- 
ment malfunction,  among  others*  Full-scale  tests  can  be  used  to  explore  the 
braking  capability  of  an  airplane  by  simply  noting  the  distance  required  to 
bring  the  vehicle  to  rest  from  some  preselected  ground  speed*  The  directional 
control  capability  cannot  be  evaluated  through  full-scale  testing  because  such 
tests  would  compromise  the  safety  of  the  airplane  and  crew  and  because  of  the 
unpredictability  of  the  key  ingredient,  the  surface  winds*  In  an  effort  to 
acquire  the  capability  to  safely  explore  aircraft  directional  control  and  brak- 
ing performance  under  any  runway  environment,  a major  research  program  was 
recently  undertaken  to  explore  the  feasibility  of  expanding  current  flight  simu- 
lation technology  to  include  the  complex  interact loiiv*^  between  the  runway  and 
the  landing-gear  system*  Such  an  expansion  would  require  a definition  of  the 
runway  environment  (including  surface  cro\^i  and  roughness),  the  magnitude  and 
direction  of  crosswinds,  tire/surface  friction  levels  (including  the  relation- 
ship between  braking  and  cornering),  airplane  characteristics  (landing-gear 
dynamics,  brake  system  behavior,  and  the  contributionvS  from  reverse  thrust  and 
auxiliary  braking  devices),  and  a good  runway  visual  scene* 


Current  Status 

The  initial  simulation  involved  the  F-4  airplane  wliich  was  chosen  because 
of  the  considerable  amount  of  available  tire  traction  data  on  the  airplane  from 
landing  loads  track  tests  and  full-scale  braking  tests*  A photograph  of  the 
motion  base  simulator  used  in  the  program  development  is  given  in  figure  7*  A 
typical  time  history  of  a simulated  F-4  landing  as  performed  by  one  of  the  test 
pilots  on  an  icy  runway  is  presented  in  figure  8*  For  this  test  run,  the  pilot 
touched  down  at  approximately  125  knots  in  an  8 m/sec  crosswind  after  negotiating 
a somewhat  higher  crosswind  during  approach*  Fhe  figure  slu'ws  the  rollout 
behavior  of  the  airplane  which  incltided  some  ratlier  substantial  lateral  excursions* 

The  results  of  the  feasibility  study  with  tlie  F-4  airplane  wore  sufficiently 
encouraging  that  the  development  was  extended  to  include  the  IH'-'J  Jet  transport* 
Table  I is  a summary  of  the  piK't  assi\ssment  c’f  the  i’-4  anu  the  ))(>U  simulations 
during  approach  and  touchdown,  lamling  rollout,  and  aborted  take-<d  f demonstra- 
tions* Thus  far,  348  simulator  demonst rat  ion  runs  witli  six  different  pilots 
have  been  conducted  with  the  F-4  and  180  runs  with  two  pilots  with  the  DC-9* 

Table  I presents  comments  i'rom.  two  pih'ts  in  each  airplane  durin)\  tlie  most 
recent  demonstrations.  Ttu'se  runs  demon:;t rated  the  nei>d  lor  airplane  deceleration 


dOl 


1 


ciu'S  ( Lli'.'  rurtfii'  mot  ion— b/iM'-'d  siriuijator  Iuik  fivo  o|  1 1 (.'t-dom  .'itid  fore— 

.•iikI-.iH  motion  i:.  not  among  them),  n cockpit  onv  i ronminit  closely  allied  to  the 
.■lirplanc  hrini;  examined  (both  tiic  F-4  and  the  |)C-9  s imu  l;it  ions  were  performed 
iMi  an  !'  4 s i mn  I alo  r)  , and  pood  visual  scene  simnlntinn  (some  difficulty  was 
experu'uced  in  peltinp  the  terrain  map  translat.'r  to  tiie  propei  simulated  eye 
levf!  lor  I'otl'  airplanes). 


'Ians  and  Appl  i cat  Lmis 


) 


tUirrtiJt  p!au^'  in  tlu*  .nrcralt  landing  and  tal.c-t d*  1 simulat  ion  program 
Incltuk*  furtlioring,  under  contract,  the  Jevelopmonl  of  Uk*  transport  simu- 

lation* Tills  t‘>a.i*nsion  calls  lor  the  u o of  a transport  coefpit  on  a motion 
base  simulator  with  six  degrees  of  Ireedom,  and  the  incorporat  i('n  of  antiskid 
brake  s vs  tom  s iin-.il.at  ic'in  with  hard.vare  as  ne»‘ded.  It*  is  alsn  planned  to  imple- 
ment this  simulator  capability  at  Langley  Research  f'enler  liv  starting  with  the 
nC-9,  sincf  the  simulator  tecimology  for  that  airplane  exist?;,  ard  then  expand- 
ing to  .a  gi  iie ra  1 i Xt*d  model  to  at'cotuiuodate  tlu*  sii::ulat  loii  itf  a '*ai  iet\  of  <iir— 
craft.  Sucli  a simulation  would  provide  a risoaroh  tool  f,  r evaluating,  in 
p rfect  safety,  fac  tors  v;Itic*‘  influence  tlu*  ground  luiiuH  ing.  perlorman.t'  of  an 
airc:rait  uy  to  and  beyond  its  normal  operating  limits, 
studies  to  evaluate  aiuralt  design  concepts  (that  is, 
brake,  /uui  antiskid  modi  f i cati  ons)  . In  addilii'n,  an  al 
simulator  kould  be  used  to  estaMisli  sale  opi-rational  ‘ 
plapu*  aiul  runway  ci»mb i na ti ons  and  to  uptimixe  palot 
runwa V ('on<l it  ions. 


r lor  raVing  trade-off 
aiiding  goar,  tire, 

I : i1  t y la  and  hand]  ing 
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♦ 'ilinicues  under  adverse 
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ii;is  j'aper  has  prc;-a*ntt.  cl  the  status  c.d  m i*nt 
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research  at  I>ang,  ley  Research  C.euler.  Iv,o  anti:- 1 i li  : 

dato  and  tiio  dc-graued  performance  noted  c*u  slipi'orv  rtura.o. 
electronic  lag,'-,  1 (>w  wheel  .spinup  lorces,  and  tc  ; i g.b  ’Male 
relative  to  the  resisting  drag  fuice.  Antiskid  pe  rU'-rr'-an-.  • 
a In/avy  loading  condition  with  a iu;v;  tir<  on  a .Irv  lunv.’a.'* 
and  take-off  simalatur  program  has  been  written  te  ■-•do’' 
tional.  contn.'l  pn'blems  on  slippery  runways  is  t’--  pr.  . n-  » 

Initial  runs  in  a,n  aircraft  landing  and  take-oii  i mu ’a  t i oi 
to  be  quite  pnmiislng  and  the  development  is  bein)-  oxp.indv  ‘ I'-  incitrU*  a trans- 
port cockpit  utilixirg  a six  degrees  of  freedom  med  ion  : a^.  ■- • ;-u  I at  o x-  with  the 

addition  o\  .atitiskici  brake  action  and  an  iniprovid  visual  s,rno.  A simulator, 
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TABLE  I 


PILOT  EVALUATION  OF  SIMULATOR  DEMONSTRATION  RUNS 


SIMULATION 

APPROACH  AND 
TOUCHDOWN 

LANDING  ROLL-OUT 
DIRECTIONAL  CONTROL 
BRAKING  RESPONSE 

ABORTED  TAKE-OFF 
DIRECTIONAL  CONTROL 
BRAKING  RESPONSE 


F-4  AIRPLANE 

PILOT  A 

PILOT  B 

GOOD 

GOOD 

GOOD 

FAIR 

GOOD 

FAIR 

GOOD 

FAIR 

GOOD 

FAIR 

DC^  AIRPLANE 
ILOT  C 1 PILOT  D 


GOOD 


FAIR 

POOR 

FAIR 

POOR 


FAIR 


GOOD 

GOOD 

FAIR 

FAIR 


“ d > :■ 


SUPPLY 

PRESSURE 


(a)  System  A. 


pTlot 

METERING 

VALVE 


ANTISKID 

CONTROL 

VALVE 
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ANTISKID 

CONTROL 

BOX 


-clc  GENERATOR S-- 


NOSE  WHEEL 


BRAKED  MAIN  WHEEL 


(b)  System  B. 

E’iguru  3.-  Skid  control  system. 
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(a)  Brake  system  A;  0°  yaw;  79.2  kN  vertical  load;  20.7  MPa  brake  supply 
pressure;  new  tread;  49  knots  nominal  carriage  speed. 
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(b)  Brake  system  B;  0°  yaw;  83.2  kN  vertical  load;  19.0  MPa  brake 
supply  pressure;  new  tread;  41  knots  nominal  carriage  speed. 


Figure  4.“  Typical  antiskid  system  responses  to  transient  runway  conditions 
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PRESSURE  BUILDUP 


Figure  5.-  Brake  system  A friction  coefficients  during  cyclic  brakln* 

6®  yaw;  78.3  kN  nominal  vertical  load-  20  7 MP«  ^ 

new  tread;  75  knots  nominal  carrlagrspeed!  pressure; 


Figure  7.-  Motion  base  s iine,  I .it '>r 
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SUMMARY 

Use  or  power  spectral  design  techniques  for  supersonic  transports  requires 
°5  atmospheric  turbulence  in  the  long  waveU-ngth  region 
below  the  knee  of  the  power  spectral  density  function  curve.  Examples  are- 
given  of  data  obtained  from  a current  turbulence  flight  sampling  program. 

These  samples  are  categorize!  as  (1)  convective,  (2)  wind  shear.  H)  r-.ior 
and  (4)  mountain-wave  turbulence.  Time  histories,  altitudes,  root-mean-  ' 
square  values,  statistical  degrees  of  freedom,  power  spectra,  and  integral 
scale  values  are  shown  and  discussed. 


INTRODUCTION 

Gustlness"  or  the  effect  of  atmospheric  turbulence  lias  alwavs  Im  ct!  ot 
concern  .or  aircraft  operations,  in  early  years  individual  or  di's.-rot. 
of  differing  shape  were  used  to  verify  designs,  it  was  alwavs  reegnired 
that  tm.ulence  is  a statistical  phenomenon,  however,  in  that  single  guas 
are  seldom  if  ever  encountered.  About  25  years  ago  the  usi-  -i  randon  V-r.-  , : 
theory,  or  more  commonly  referred  to  as  "power  spectral  anaUais"  le.hniqms 
began  to  receive  significant  attention  as  a more  appropriate  design  analv; is’ 
method.  As  a result  of  these  developments,  experimental  tuil-uloiHo  s.m.plim- 
programs  were  conducted  in  order  to  provide  a statistical  description  of  tiu. 
atmosphere  in  power  spectral  form.  The.se  measurements  verifi<-d,  in  general, 
that  tiie  slope  of  the  von  Karman  equation  (^iven  in  fiv,.  1)  i:  itMii,.- 

prlatc.  Limitations  in  both  instrumentation  and  data  reducti.-n  pro,  vdniv- 
prevented  the  acquisition  of  data  at  tvavelengths  long  i-m-ugh  i.l.miiv 

appropriate  values  of  L in  tlie  von  Kantian  equation  (.  r to  veiii-  

ity  of  the  equation).  If  L (generally  reterred  t..  as  th.  iut.  gtal  s..  ,.l. 
valtie  and  physically  tioraetlmes  thought  of  as  the  avetage  < iMv  .irt 
and  c.  (tl.e  root-mean-squar.-  value)  are  kiun.n,  Ih.ii  the  gova  t 
completely  described.  Kegardless  of  tIu-  iut.-n-.itv  or  powi  |, 
value  correspon-'s  to  a specific  knee  or  |.|.•.||,  liequon.  v in 
curve.  Meteorological  rescarcher-t  therelore  lu-ed  appropri.-l . 
fill  g.-ips  in  the  description  of  tlie  atmosphere.  An  examj.li  < | 
canco  of  the  L value  for  aircraft  designers  i-  shown  I-y  tin- 
in  figure  1.  (Note  that  log,  scales  are  use<l  In  lig, . 1.)  |i.,- 
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ruHpunsu  to  turbulence  U Jn  the  botiv.  sl.urt  p.. , i ...l , .ohI  Dutch  rol  modes. 

For  subsonic  aircaft  s id.  as  tl.e  70;.  IV-.S,-,  /■./  airpl.- a wl.i.l.  ctulse  at 

M ' (J.8  and  at  altitudes  ol  11  to  l:'  Km  (.'V-  0(1D  t..  40  ODD  11).  the  primary 
response  to  turbulence  Is  to  the  riBbt  -f  the  knee  o1  tl.e  sped  ra  1 curves  lor 
all  values  uf  1.  In  the  ran)V-  to  b.  rii-p  r opr  i -it  o lot  rons  I di.  rat  i on  . ^ 

However,  for  supersonic  cruise  a. remit  such  ns  n,e  J" 

this  country,  that  is,  enuse  H 2./  al  npp  rox  imai  e I y 1»  Inn  (bO  000  ft),  the 
predicted  response  is  more  slgninonnlly  afie.ied  hv  i he  I.  value  ,-.s  .san  he 
seen  in  the  figure.  Fatigtje  and  rid.'  quatlly  a.e  . Iso  imp<.rlant  aspects  ot  the 
aircraft  response  to  atmospherle  turbulence.  II  wn".  decided,  ther.'iure,  that 
significant  effort  was  warranted  to  re.iiove  I h i s pn)>  in  U.e  knowledge  of  atmo- 
spheric turbulence  properties  and  estnblisli  .n  proj-m!,i  will,  a primary  aim  of 
determining  appropriate  values  of  h for  dufereni  meU'urol<n;i.-al  canditions. 
As  a result,  special  attention  must  bi-  given  t'<  i n;;  L nnnent  n I 1 on  and  data  pro- 
cessing In  wiie  low-frequency  or  long-wave  1 cm' t !.  region. 

SYMBOLS 

Values  circ  ^,iven  in  both  SI  and  WS*  (Instorarv  I'lits*  Du*  iiK*asurements 
and  calculations  v.*ere  in«*ide  in  V*S*  Ctisintr.arv  I nils. 

g acceleration  due  to  gravity^  tv/stu'  (tl/;‘.cc') 

h altituile,  km  (ft) 

L integral  scale  value,  Phai*rs  Ut^ 


number 


lonj’.i tuJ ina I copipononi  v»i' 


‘ , ’.1  ' t d ( f 1 / f-  cc  ) 


lateri:!  com]»''notil  t urt^i  I otuu- , ••i/mt 
vertical  cnimponent  of  I mdui  1 cnc«‘ , iv/'-;oc  ) 

wave  long  til,  mett^rs*  ( \ t ) 

riiot-*mean--Sfiuaro  wiltU’  (aba*  .ut.nutii’d  tb’VMaMi'nj,  n/soc  (It/sec) 


u*'  V*  \v  staud.’\r<l  tl»’Viations  nf  v,  :\uA 

♦ .Ilf*  0^'/  ‘ - ' / ( j t ; .fL  \ 

Dt'wor  spectral  dnisltv,  . — b t-  , ? 

^ ‘ e vcb  ♦'.</  mi'  I iT  \<  K ' ( . / 1 r 


VRCKdbU^  r'M'l.l.'d  M ^ 'it 

rhe  NAL>A  !IA'!  b'U'asuci'ni  n t ol  Atnianpiii  i i i,  i u . I i • b 1 1<  i ; pirpiMtii  was  establisluu 
in  rt'S]'>onsi*  (n  llic  pri*ciM.ling  reuu  i rrr«*’nl  , -b  i iiulm  « » -t s oi  turbulence 
(vertical,  lati*tal,  aiui  b uipj  t tui  i n t ! > v.im  !■  ‘‘i'  ii.r’ui  !.  ll  v.as  di'i'idod  that 
t \\*i)  !ianp  M ap.  a i i ; r a j’ t wtui  Id  !*<  ’ r < fp  i i M*<i  \ r < - ■ v t t t i • I'u  1 i re  a 1 1 i t nd  i ■ range  i*  t 


I 


intcircBt  onu  j rpliUiiL*  inj’,  lIi).*  oi  fil.  t.  itiuit.'***  iron'  !>tM  Irvi'l  tt»  Jb  kfn 

(50  000  ft)  and  a spoila]  li  I pji-a  I l M udt>  alrplanr  tnr  altltudon  ahnv*.-  Vj  km* 

The*  sensors  selcntt.Ml  required  Unpl  irip,  l «.»  Ih-  done  at  ! :u|){u  ai  i <■  jipeudi:,  A I»-5/lj 
Canberra  was  soleaiL»d  tnr  the  ;;amj»  I i u}>  at  altitudes  up  te  15  km  /md  It  was 
decided  that  a b*-*57K  v/«nild  he  Lh<-‘  pielerrerl  aireral  t Inr  use  «at  altitudes  aheve 
15  km*  BasJealJy,  the  icquiied  iKeaeurnneut  s I (U’  i*ai  It  ei  the  three  turl)ulence 
components  Involve  a prluarv  Tneasma  meiit  eu  a Isiuin  torwaial  ot  the  aircraft  (s«'e 

2)  (an^^le  1 1 uc  t ua  t 1 1 'H; ; tor  the  vej*ti(al  and  l/tieral  aiul  a ( ruipeed  varlalienr 
for  the  lon^^itud  1 na  I conipuiienl  s «)l  the  (airhu  1 euci.‘)  wliich  must  tlien  \>v  corre(‘tt.ul 
lor  aircraft  motion*  Mot  Ii»n  corre«  t it*iu^  are  prcividcul  hy  data  an  oiil;oard 

inertial  platlorin  and  Ir<>r.t  rat».  pyres.  diKsse  ('orr».*(*t  lens  .ari*  ejipet’Ial  ly  Impor*~ 
tant , the  present  emphaf-.is  !»eiuj\  on  accurate  data  at  lenp^  wavi*  1 eiip.t  lis  , 'the 
eejuations  are  given  in  rc‘U*rciUe  J.  ^ obtain  |'cv/c»j-  (Sitipiates  at  tlie  ••xt  reuie  I*' 

low  frequencies  required  (that  is,  long  wavelengths),  narrow  speetral  'hvinrlows'’ 
(bandwidths)  on  the  order  of  O.Od  lit:  must  he  uf^ed  in  the  data  processing  proce- 
dure. Such  narrow  spectral  v.indevas  unrodiua*  v;I  Id  statistiiMl  Ihuluations  in 
the  power  estimates  unltcss  rel.itivelv  lenp.  data  samph*s  can  ho  ohtaineil.  The 
statistical  reliahilitv  hL-lieveU  to  Ik*  ulsu  s.^a r \’  require*^  on  the  ordc*r  of  2A 
to  30  statistical  degn»es  ui  i rei.*dou,  t 'r  the  spc*ctral  values  and  translates  lo 
data  samples  of  at  least  ia-ininui,  cau-o  i us  t ruiueutc*d  lv-57li  sampling 

airplane  is  shewn  in  ; igtire  d,  in  tail;  '.(neerniap  tlu  pv>wor  spcv’tral  .« 1 gor  i t hi:i.- 

employed,  and  tlu*  just  i l i ./it  i on  i,.r  so!  po  i h | t en  i ng  the  time  hi.st(U*ies  fi»i  1 

wavelength  aUcilyBis  are  given  p*  la  'rreecc  1.  Itn^' t runetitat  iop  details  and 
measurement  acc.ur.acioc  aia*  ci*/iM  in  »a  K-ii-ie.  « An  a. ; nt  < i the  ''\a  isill 

instrumentation  pi‘i  1 ermaiu'e  *'’■  ■*  oi  . ! jip  ! i/.’ht  ‘'.aiK*uvi‘i , tog^.t!u'l  v,  ith  *111 

assessment  ot  possibli*  I o ,•  t 1 i*-;  *u  iu  \ tinnd  r i.*rr.ars  f-asi  d uisui  pi>stfliglit 

performance  ol  the  inL*rt  pp.  si^ti,  i'  p.  ivin  In  retcriuice  5. 

Sampling  fl  ight--  Uiv  c ’>/=■  , . -a  Maia  h \ t-* 

1975  time  period.  A t.:tal  e»  *0  .A,  iii  in  lastn-n  'nitid  ‘>toP 

within  1 ange  of  t i u*  . : 1 1 p I 1 1 k’  ^ . < i o j 1 . p A ' ■ . . I 1 * 1 , k c->  • , \ ' ta*  pi  i o i • i a Is  i » 

Western  hnited  States  1 ■ ' * i..  i*.!.in,  A j i it  ! :v..psl  . A'r  '.-i  - 

Base  , Ca  1 1 1 rn  i a ♦ . . 1 c, . ■ i i 't  pi  u * ■ t * » ■.  i’  • 5 ; < i l > » t • \ - i ut  d 1 ui « » t i . ai s < • t » • m u‘ -• 

d ina  1 1 ug  and  p 1 ann  i uc.  ! ! i * , : a ; , . * ^ ‘ - ■ r ‘ : u i*  * i • a ‘is.  r'  i •,  > r ."l  a t -a  u r 1 1 1 c tic  ^ 1 i « . , 

and  conducting  post  t M i!i  p - . .....c;..eut  C'.  j l i ,:cni  * .et  i . ■ 1 u 1 e-ii  j ■ p.ii.a*. 

eters  and  to  det«ue  t'u*  i.ite.-t*  i /j.-J  . ■.■’!!.»  v:!.its  iur!uli-n*t  \.o‘.  <n  .'untvTs 

A sunni/irv  ot  do  i .1  •.  a i .•  1 s,  . 
runs  to  be  ]uau'ev; h;ed  n**  < >1  • i . i , » . 
cessing  is  currentlv  in  pp  , 
table  1)  have  been  s»  iectc.  1.  : 


i K\  i i ' ! ^ 1 \ I M ’ . •' :.:i  a I : i I AA’  i p’.' 

The  four  cases  selettti  !,i  .bt.eU.i  c . ;p  . , , i .;i  iKuin  .m  . .P  op.  > 1 i .ad 

according  to  mi^teorolopj . .1  1 endUi-n,  ‘Ms  mouiP  lin  w.  .i  • a:>c  ,qqu,p  t.*  .*i 

invi'lve  some  uiud  sheai  on;  ihn:  j 1 ' .1!  1 nM  n,o  ot  <.'n'AihPo:  i>  ht*  .•  pur 

classical  ca^e  of  pmciuIo  • n- \ o's  luilulcu.  0.1  i’.  i t i tiiui t i u t . • ir.a l i ti  po  t iu*  p 
cases  is  simmiarixed  iu  IoImi  i:.  1 .m  lenjA*.  .no  pp'on  Pn  th»  P"m  i . . 

and , a s s o i a t e . I w i t h 1 1 ; • run  ' 1 j . t • . pi  ini  ! i > , 1 1 v r < t ; • > a ; n.  ■ i i ; . ■ * ; i 1 . i 


■ ■ ‘ u ' r ! . : P:  l;:e  n ::  ! -■]  V ! Ait.; 

* • ••*  ' ! < ‘ A A ■ I ■ < cA  . t i »'iio  . !’.it  : pi  •- 

« ! lOp  ! . . M > A'lit  : : li  ! !i\  o*.t  » r i .d  , in 

at  p ! I c i i ill  1 ;•  j . papt.  ip 


I 
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ii pp cop r lilt t>  »ur  the  roiinltlnR  powi.;r  npcctra  arc.-  alno  f-lviTi.  It  wan  a poal  In 
tiiin  pmt'ram  to  achieve  at  lonat  24  HtatlatUal  (lop.recB  of  f roociom  with  a roHolu- 
tlun  hamiwldtli  of  0,02  llx.  Note  that  lor  tlic  rotor  cane,  tlio  }-oal  was  not 
achiovoU;  Uliun,  somowliat  larger  random-type  fl uctu.it  Ions  can  he  expecti  d In 
tliese  power  fipectral  eHtlmaten,  Hout-mean-Ktiuaro  (',)  values  for  the  three  com- 
ponents ol  turhulence  (longitudinal  (u) , lateral  (v) , .ind  vertical  fw) 1 are 
also  p.iveii  In  table  11.  Note  that  for  the  convective  and  lu-rhaps  the  rotor 
case,  the  o values  are  similar  lor  the  three  components.  However,  lor  the 
wind-shear  and  lllountain~v^/ave  cases  tin*  vertical  component  has  a much  .smallei 
o value  than  that  of  the  later, il  component  by  factors  of  3 to  4 which  indicates 
a lack  of  Isotropy.  This  aspect  will  be  di-scusseil  later  in  the  paper,  hita  ti« 
lu’  presented  and  discussed  for  the.  lour  cases  will  include  Lli'ii'  hlstorli's, 
power  spectra,  and  exceedance  curves. 

Time  histories  lor  the  convective  case  at  an  altitude  iil  0.3  km  (1000  it) 
above  gently  rolling  terrain  are  given  in  figure  4.  because  of  the  length  of 
this  run  (19.1  minutes),  the  first  part  of  the  time  histories  is  shown  in 
figure  /*(a)  and  the  I inal  portion  in  figure  4(b).  As  shown  in  t.ible  II,  the 
c values  are  similar  lor  tlie  three  components  and  are  about  1.2  m/s  (4  tpj.). 

Tile  power  spectra  resulting  Iroiu  these  time  histories  ire  slu'wn  in  I igure 
fhe  I'tirves  are  compiiral'' le  to  those  of  tigure  1 except  that  the  results  h.ive 
not  been  normal i^ed;  that  is,  the  area  under  the  curves  is  equal  to  the  variance 
or  . Ihe  .dnscissa  values  were  olitained  by  converting  Irequeiicv  to  inverse 
wavelongtli  by  use  of  tlie  average  true  airspeed  fi'f  each  run.  Symbols  arc  slu'wn 
lor  till-  fivi‘  lowest  frequenev  power  estimales.  Except  lor  the  first  p>'int, 

Vvdiicli  wi  II  be  discussed  subsequent  1 v , the  estimates  are  at  equal  itKi'i'misits  .'I 
appcusiiaately  0.01  He  (10  11c/ lO.’A)  . On  a log  plot  t’le  points  tberef.Te  appear 
.•l.'ser  logi'tlier  at  liiglier  values  of  1/ • . The  lirsL  point  is  obtainci  from  t ii. 
dala-reduct ion  algorithm  at  cero  frequency  but,  for  convenience,  is  located  at 
one -li'urth  the  interval  bi'tweeii  cere  and  the  next  regular Iv  obtained  point 
at  0.01  lie,  ol  .It  U.002‘)  Hr.  ( Ihc  value  could  not,  ot  course,  be  sliown  at  cero 
I requeiu.  V on  .i  logar  I tbniii.  plot.)  These  cere-1  requenev  power  estimates  are 
beliivcd  to  be  valid  lor  II.l  rissults  presented  in  this  paper.  (.'■'ee  ret.  3.) 
r.ist  prai'tiie  h.is  been  to  di.scaid  this  value  because  of  the  eltect  ot  trend 
errors  in  the  time  histories,  and  In  cause  tlie  luewh  i teni  ng  procedure  used  at 
lli.it  I iim-  for  wiile-b.ind  spectral  an.ilysis  caused  the  value  te  ge  to  intinitv. 
Siqu-r  imposi-i!  on  the  data  are  sliown  theoretical  von  Karman  tvpe  ( urves  with 
^;t'loct.-sl  1.  \ ,1 1 iie.s . NiO  e th.lt  tlu*  ...Iv-'pes  Ot  tlu'  cui’X'es  liulti'li  .it  the  h i gluM 

I requeue  ies . It  is  shouni  that  the  witical  ci'nponent  van  be  vlescribei!  verv 
.iccui  .itelv  with  an  1.  value  ol  100  m ( 1000  It).  fhe  lateral  i v-mpeneul  , liowvvcr, 
bis  lel.itivelv  liigber  poVv/ei  ctmLeiil  at  Iv'W  1 n.'queiU' ies  .nu!  tlii’  ipp  vopr  i at  e 
I.  v.ilue  is  .ipp.irent  I y in  the  rangi'  ol  tdlO  m (2000  it).  ihe  Kaig  i liul  in.i  1 i v";- 

is-iienl  tit:,  well  wllli  .in  1.  va hu  >l  1200  m (4000  ft).  Ibis  vlillereiice  between 

e.M'.ipoiienl  , I'l  ev'iir:!e , means  tlial  the  turbulenee  is  tu’t  isi'tfv'pie  in  t'.v  K-ng 
w.iveUugtb  region.  In  tlie  wavelength  region  where  previeus  measurenw  nts  have 
been  made,  liowever,  isotropy  wouhl  :.eem  to  p'rev.iil. 

file  lime  histories  for  tlu*  high- al  t i tude  witul-shear  ease  .ire  presented  in 
tigin..  a.  It  shoulvl  he  noted  th.il  the  ver  t i ea  1 -se.i  1 e sensitivities  have  been 
.iei  re.iseil  by  .i  l.u'tor  of  2 ;i.s  compared  with  tlie  precciling  c.ise  .ind  that  the 


Boverity  In  mucli  f-i*fatur.  Tht>  IntunnUy  ot  i.lu'  tiirlnik.iK-f  (ur  „1|  Um.  ..  , .,i„- 
j.onPiitH  iH  RraduaUy  incrc-aHlny.  with  Uiir'.  Surli  ^>r  n-.ir.i  ,.i  i,,„  - 1 

bflavlor  liaa  Rt*m>raJ]y  bfcn  b.'lU.vud  to  lu'  n'liiu.n/,  1 1. 1 i.„  . ...b,  l -I.-,  ,.i.  | .• 
or  nmooUlilnR  of  tho  apoctral  knoo.  Tho  rocont  work  ol  rol .•lonr.,.  /,  |„.v,'fvrr 
IndlcatoH  MtaL  unloHH  Uu>  chani'o  In  JnLonnlty  Jo  ( oik. i dcral. I y moro  .il.rnpi  tl’i.m 
iihown  boro,  lUtlo  offoct  uliould  lio  oljiiorval)  I «■  In  t Iw  r.i . li  I ,s  ..|)v i . .iin 

that  (ilRiUf-lcant  low-froquonoy  power  (it  proitciit  In  tho  h..r hnnti  . I n.iupniioiiti;  • 
thin  1.4  aHHumod  to  bc>  directly  .atlr  ibutahio  tu  tho  oh.inplno  hor  i ;;,.ni  a I wlinl 

Hold.  The  Jow-lrcf|uoncy  content  can  he  llioii,.l,t  o|  ,,i.  .1  m tho  n.o.in 

value  wltli  a typical  hiRh-tri'qiu'ncy  ampJ  i tude=niodu l.ii  od  l aminm  ri.n-onn  .Mipor- 
Imposed.  A model  of  turbulence  which  Includes  moan  niodu  Lit  ion  has  boon  mi-k.k.i od 
by  Reeves  (ref.  8).  No  pronounced  1 ow-1  requeiu'v  powiT  L i.oiod  in  u„.  viili’.  ii 
component.  These  ol).servatlons  are  suhsLanf  iated  in  ilio  coi  1 ospond  i nj’  pow 
spectra  .shown  In  flnure  7.  Note  that  whlL  an  I.  value  ol  iho  m Cidun  1,, 
appears  to  be  appropriate  for  the  vertical  componoul  , 1.  values  ,.|  viv.ioi 

than  18U0  m (OOOO  ft)  would  .apply  for  tiie  horizontal  component.':  uin  otlv  reiL  . t-- 
Inp  the  iarpe  power  content  at  low  frequencien. 

The  next  case  to  be  presented  was  an  encounter  on  the  lee  side  o|  tlu- 
Sierra  Mountains  in  California  at  an  altitude  approxim.itel  v le"»>!  with  the 
higlier  ridpes.  Tb.e  turbulence  was  categorized  a'.  n>ter-t  vpe  lurhiili-n,  <_•  the 
onboard  ob.server  reported  direct  correlation  of  tunnilen.o  sever  i tv  with  the 
tqnvind  terr.aln.  Peak  center-of-gravity  acceler.at  ion  increment.s  ol  !,•  v.  re 
equaled  or  exceeded  80  times  in  this  traverse  of  the  rotor  repion,  with  ma.ximnp. 
incremental  accelerations  of  +2.2p  .and  -1.8;..  Tine  hist.'i-iei,  . f ih,  Lin  e 
components  .k  turbulence  are  given  in  figure  8.  ;,\.te  ti.e  .egneuL.s  lett.een  4 

and  /^minutes  tor  the  longitudinal  component  where  liic,h-l  leqiu  nev  .s,- i 1 | ,u  iL,-... 
are  absent.  This  condition  Is  cau.sed  hy  the  .sen.sitive  ..irsp..^.l  i-s.,-,,surenient 
system  being  off-scale  some  of  the  time  in  the  negative  lirtcti.-n;  ,is  result 
the  hlgh-trequency  fluctuatfons  were  partiallv  lo.st.  It  c.an  '.e  v.-eii  ihu  rela- 
tively low-frequency  wavelike  oscillations  are  present  on  ,.ll  ti.ree  tire  hisie- 
rles.  the  lateral  component  exhihlting  the  most  prevalent  and  higiiest  .in.pntude 
oscillations.  Ihc  ’ values  given  in  table  I!  further  suls  t ,in  t i at  e this  ,,',ser- 

vatlon.  fbe  spectra  for  this  case  a e given  in  tir.ire  ,'.11  t.  e.  s-.,..  tr, 

continue  upward  with  large  low-f requenev  power;  Uuk,,  H the  n i-'trt'.iii  e-'nn  s- 
slon  Is  applicable  In  this  region.  L must  be  gre.ater  th.m  Lsou  r uoKii.  i , ) 

It  should  be  noted  that  the  high-frequency  p.irt  of  the  longitudiu.l  spe.  lr'.r,; 
a.s  well  as  could  be  .somewhat  contaminated  by  the  ; th.  it  i cn- ii . qiu  n v 

‘‘  result  of  the  partial  off-se.ile  ..iKlitior  ; ta  i le.k  vanti  n.  il . 
Ihe  t latteialng-out  of  the  high-t  requenev  end  of  the  >se.trur  .■  n t e.  .'iiti.' 

with  this  problem  but  Is  a result  ol  the  usi-  of  the  h • t h-..  1 1 - v •,  r.  ir’,*  .• 


Vk  i -u 


I i i-’li  - 1 I k q ill  •) 
1 \ !M  nt  i 'll 


r‘t  l‘M!‘ 


’T  t 111'  h ! 1 I : t 


provided  for  the  pltoc-static  test  head.  The  u.so  ol  iw..  din'ei^it  restr'i.'  te.  . 
for  flight  operations  above  and  below  ‘l.l  km  (10  000  ti)  te  pn\'i  ie  tlu  '.r.'per 
damping  for  the  sensitive  airspeed  measurement  is  dlseussed  in  re  fort  nee'  . . in 
tils  particular  case  the  hi  gh-ul  t i tude  restrietor  w.is  Inst, .Med,  since  the  ..iv- 
Inal  mission  lor  this  flight  was  to  .seek  h l gh-a  1 1 i tude  mount.,  in- v..ive  lurbul.n... 

The  final  case  considered  herein  is  categorized  .'is  lee  wsve-ga  m , .,t  e.l  tnr'u- 
P'*'’P^8nted  upward  and  was  encountered  .,t  an  .iltitnde  ot  .ib.'ut  M I f. 
(47  000  ft).  The  time  histories  are  given  in  tigure  lo.  Notic  th.it  tiie  <'erti.' 
component  contains  at  least  three  waves  and  pessiblv  four.  IMt.  1,0.'.  o,  inrbulen,. 
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occur  on  the  risinR  part  of  the  last  two  waves;  or  at  approximately  7y  and 
10  minutes  from  the  start  of  the  run.  Apparently,  the  two 

not  broken  down  into  continuous  turbulence  as  yet.  or  the 
airplane  has  iarried  U out  (if  the  turbulent  region  of  the  wave. 
of  the  lateral  a.ad  longitudinal  components,  where  a very  long  wave  can  be  seen, 
together  with  supplementary  meteorological  Information,  indicates  that  w n 
shLr  effects  were  also  present.  Thus,  this  is  not  a classic 
mountain-wave  turbulence.  These  time  histories  are  of  * 

whether  they  should  be  used  to  obtain  power  spectra  might  be  aebatable  since 
the  turbulence  is  not  very  continuous.  Power  spectra  were  obtained,  however, 
for  the  whole  12.6-iuinute  run  and  are  shown  in  figure  11.  A large  amount  of 
low-frequency  power  is  present  in  all  three  components.  This 

trast  to  the  wind-siiear-alone  case  where  the  vertical  component  contained  rela 
tively  little  low-frequency  power. 


Figure  12  presents  the  measured  exceedances  of  the  vertical  velocity  com- 
ponent of  turbulence  for  the  four  cases  considered  herein.  The  exceed^ces 
are  (for  each  selected  level)  the  average  of  the  crossings  of  the  positive  and 
negative  levels  about  the  zero  mean  value  for  the  data  run.  Only  positive 
slope  crossings  are  counted.  In  figure  12.  the  crossings  per  unit  distMce 
(in  both  km  and  mi)  are  shown  on  a logarithmic  scale  with  the  level  of  the 
vertical  velocity  component  on  a linear  scale.  The  exceedances  reflect  the 
relative  turbulence  intensity  levels  of  the  four  cases.  The  high  intensity 
rotor  and  high- alt tude  wind--shear  cases  show  significantly  more  crossings  than 
the  convective  and  mountain-wave  cases;  for  example,  at  a level  of  5 meters 
per  second  the  difference  is  about  two  orders  of  magnitude. 


The  four  exceedance  curves  of  figure  12  show  a combination  of  the  exponen- 
tial and  Gaussian  functional  forms  which  are  used  for  the  analysis  of  atmospheric 
turbulence  data.  The  exponential  form  of  the  exceedance  expression  has  generally 
been  found  applicable  for  extended  data  samples  or  composites  of  many  sables. 

It  is  the  basis  for  development  of  structural  design  criteria  for  aircraf 
response  to  atmospheric  turbulence  for  both  the  discrete  gust  approach  and  the 
random  process  or  power  spectral  method*  The  exponential  form  would  appear  as 
a straight  line  on  the  semi -log  plot  of  figure  12*  From  inspection  of  the  fig- 
ure* it  appears  that  the  high-altitude  wind-shear  case  is  the  most  nearly  expo- 
nential  (linear)  and  the  rotor  case  would  appear  to  be  the  most  nearly  Gaussian. 


CO.NO.LUniNG  REMARKS 

Data  have  been  collected  for  a number  of  turbulence  encounters  at  altitudes 
between  0.3  and  15  km  (1000  and  50  000  ft).  The  associated  meteorological  con- 
ditions have  been  identified.  Four  encounters  were  considered  herein.  For 
these  cases  the  following  observations  arc  made: 

1.  The  von  Karman  turbulence  model  seems  to  be  appropriate  for  the  vertical 
component  in  the  low-altitude  convective  and  high-altitude  wind-shear  cases, 
with  an  Integral  scale  value  of  300  m (1000  ft). 


( 


I 


2.  The  lateral  and  longitudinal  components  appear  to  also  fit  the  model 
fairly  well  for  the  low-altitude  convective  case  when  integral  scale  values 
of  600  m (2000  ft)  and  1200  m (4000  ft),  respectively,  are  used. 

3.  For  the  horizontal  components  in  the  high— altitude  wind— shear  case, 
and  all  three  components  in  the  rotor  case,  very  large  power  obtained  at  the 
long  wavelengths  toakes  it  doubtful  whether  the  von  Karman  expression  is  appli-* 
cable  in  this  region.  If  it  is,  integral  scales  values  greater  than  1800  m 
(6000  ft)  are  required. 

4.  The  time  histories  from  the  mountain-wave  case  appeared  to  include  some 
effects  of  wind  shear.  All  the  "waves"  had  not  broken  down  into  continuous 
turbulence  and  were  thus  probably  not  especially  appropriate  for  spectral  repre- 
sentation. Very  large  power  however  was  present  at  long  wavelengths. 

5.  All  cases  exhibited  the  -5/3  slope  of  the  von  Karman  expression  in  the 
shorter  wavelength  region# 

6.  The  turbulence  intensity  was  very  severe  for  the  rotor  case  and 
approached  that  of  a siaall  thxmderstorui# 

Data  processing  and  further  analysis  are  continuing#  At  the  present  tiine 
it  is  not  known  whether  similar  meteorological  conditions  will  result  in  simi- 
lar power  spectra.  The  instrumentation  system  is  scheduled  to  be  installed  in 
a B-57F  aircraft  later  this  year  in  order  to  acquire  turbulence  samples 
above  13  km  (50  000  ft) . 
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TABLE  I.-  SA^IPLING  SUMIARY  OF  B-57B  FLIGHTS 

[46  FLIGHTS  WERE  MADE  BETWEEN  MARCH  1974  AND  SEPT.  1975] 
(30  EASTERN  U.S.  AND  16  WESlIRN  U.S.) 


TURBULENCE 

NUMBER  OF 

CATEGORY 

DATA  RUNS 

TERRAIN  RELATED,  ROTOR-*- 

14 

(6  FLIGHTS) 

THERMAL  . CONVECTIVE^ 

8 

(2  FLIGHTS) 

NEAR  THUNDERSTORMS 

12 

(2  FLIGHTS) 

JET  STREAM  AND  HIGH-ALTITUDE 
WIND  SHEAR<^ 

27 

(6  FLIGHTS) 

MOUNTAIN  WAVES* 

8 

(4  FLIGHTS) 

ISOLATED  SITUATIONS 

7 

(2  FLIGHTS) 

* CASES  SEUCTED  FOR  REVIEW  IN  THIS  PAPER 


TABLE  II.-  PERTINENT  DATA  FOR  FOUR  SELECTED  CASES 


CONDITION 


CONVECTIVE 


WIND  SHEAR 


ALTITUDE  . 

RUN 

LENGTH 

STATISTICAL 
d.f.  FOR 

km  (fO 

min 

km 

(miles) 

POWER 

SPECTRA 

R3  ( 1000) 

19.1 

148 

(91.7) 

45 

13.0  (42600) 

IZ2 

137 

(85.1) 

29 

3.9  (12800) 

8.1 

88.5 

(55.0) 

19 

14.3  (46800) 

IZ6 

149 

(92.4) 

29 

m/sec  in/sec 
(ftfsec)  (tt/sec) 


U8  U5 
(3.86)  (4.41) 


2.45  7.33  4.48 

(8.05)  (2i03)  (14.70) 


If.sf  (BANDWIDTH.  lENGTH) 


QUATION 


61  ( 200)- 


1 + (U39  L 


CRU I SE- 
WS 2.7 
h = 18  km 
(60000  ft) 


M = 0.8 
h = 11  TO  12  km 
(35000  TO  40000  ft) 


10  ^ cycles/ft 


INVERSE  WAVELENGTH . 1/X 


Figure  1.-  Wavelength  regions  of  primary  aircraft  response 
shown  on  von  Karman  theoretical  spectra. 
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Figure  2,-  Head  for  providing  three  basic  measurements 


MS 


tyciesm  jq'* 

10^  3 
10^ 


long  I lUD  INAL 


4*  . 10 


,3 


10  \2m  <4onoi 

762  (25001 
lo'  457  (15001 

305  (10001 

10 


'V  \ V 
iUL\  ", 


lo'^  lo'^  10  10 

105  ,„-4 


10  ‘ 10 

,„-2 


1 cycles'm 


10  ^ cycles/ m 


10'^  10'5  lo’"*  lo'^  10 


Figure  5.-  Power  spectra  of  turbulence  components. 
Convective  case. 
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Figure  6.-  Turbulence  component  time  histories. 
High-altitude  wind-shear  case. 
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Figure  7.-  I wer  spectra  of  turbulence  components. 
Hlgli-altitude  wind-shear  case. 
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Figure  8.-  Turbulence  component  time  histories.  Rotor  case 
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Figure  10.-  Turbulence  component  tinu-  histories.  Mountain-wave  case. 
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Figure  11.-  Power  spectra  of  turbulence  components. 
Mountain-wave  case. 
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Figure  12.-  Measured  exceedance  frequency  of  vertical  component 
of  gust  velocity  for  four  meteorological  cases. 
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UASER  DOPPLER  TECHNOLOGY  APPLIED  TO 

ATMOSPHERIC  ENVIRONMENTAL  OPERATING  PROBLEMS 

Edwin  A.  Weover,  James  W.  Bllbro,  James  A,  Dunkin,  Harold  B.  Jeffreys 
NASA  Marshall  Spa';c  Flight  Center 


SUMMARY 


Laser  Doppler  technology  Is  being  developed  and  applied  to  aviation 
safety  problems  In  the  atmospheric  environment.  The  feasibility  ’ this 
technique  was  established  when  CO2  laser  Doppler  ground  wind  data  were 
very  favorably  compared  with  data  from  standard  anemometers.  As  re*  , 
of  these  measurements,  two  breadboard  systems  have  been  deve’ooed  ^o 
taking  research  data;  a continuous  v/ave  velocimeter  and  a 1 '.ed  1 ( 

system.  The  scanning  continuous  wave  laser  Doppler  ■ . er  was 

developed  for  detecting,  tracking  and  measuring  u ■ n\  »<dke  vortices. 

It  was  successfully  tested  at  an  airport  where  iccatea  vortices  to  an 
accuracy  of  3 meters  at  a range  of  I50  meters,  me  airborne  pulsed  laser 
Doppler  system  was  developed  to  detect  and  measure  Clear  Air  Ti rbulencc 
(CAT).  This  system  was  tested  aboard  an  aircraft,  but  jet  stream  CAT 
was  not  encountered.  Hov;ever,  low  altitude  turbulence  In  cumulus  clouds 
near  a mountali  range  was  detected  by  the  system  and  encountered  by  the 
aircraft  at  the  predicted  time.  The  hardware  Is  being  modified  to  extend 
the  performance  and  range.  The  application  of  these  systems,  data  high- 
lights and  test  results  are  presented  In  this  paper. 


INTRODUCTION 


NASA  Is  sponsoring  research  and  development  of  Carbon  Dioxide  (CO2) 

Laser  Doppler  System  Technology  and  Its  application  to  aircraft  operating 
problems  that  are  caused  by  adverse  natural  and  Induced  atmospheric 
envl ronmentS4  The  breadboard  sensors  developed  under  this  technology  use 
basically  the  same  principle  as  conventional  Doppler  radar.  In  the  laser 
Doppler  system  case,  coherent  laser  radiation  Is  Doppler  shifted  In  frequency 
when  It  Is  scattered  by  the  natural  aerosols  of  the  atmosphere  that  are  In 
motion  at  the  velocities  of  the  wind  or  turbulence.  The  frequency  of  the 
scattered  radiation  Is  compared  to  the  frequency  of  the  laser  beam  by  photo- 
mlxlng.  The  resultant  difference  frequency  is  directly  proportional  to 
the  1 Ine-of-sight  velocity  of  the  aerosols  when  the  transmitting  and 
receiving  optics  are  aligned  on  the  same  axis.  This  principle  Is  Illustrated 
In  figure  1. 
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The  application  of  the  technology  to  measure  atmospheric  winds  was 
started  at  MSFC  about  ten  years  ago  by  Mr.  Milton  Huffaker,  now  of  the  Wave 
Propagation  Laboratory,  National  Oceanic  and  Atmospheric  Administration. 

The  feasibility  of  the  atmospheric  measuring  concept  was  demonstrated  by 
using  a CO2  laser  system  to  measure  ground  winds.  The  data  from  these 
measurements  compared  very  favorably  with  simultaneous  cup  anemometer,  wlnd- 
vane  sensor,  and  hot  wire  anemometer  data.  These  measurements  have  been 
discussed  In  several  publications. 

The  first  laser  Doppler  systems  application  to  aircraft  operating  prob- 
lems was  the  detection  and  measuring  of  clear  air  turbulence.  A breadboard 
airborne  system  was  developed  and  tested  In  1972  and  I973  aboard  the  Convalr 
990  aircraft  based  at  the  Ames  Research  Center.  During  these  tests  the 
concept  of  an  airborne  laser  Doppler  system  to  detect  turbulence  was 
successfully  demonstrated.  Although  high  altitude  jet  stream  CAT  was  not 
found,  turbulence  In  cumulus  clouds  was  detected  and  encountered  by  the  air- 
craft as  predicted  by  the  laser  Doppler  system. 

In  1969  wake  vortices  from  a DC-3  aircraft  were  successfully  detected  by 
a CO2  laser  Doppler  system  In  a cooperative  effort  Ith  the  Langley  Research 
Center.  The  data  from  these  feasibility  tests  were  reported  In  the  I97I  NASA 
Aircraft  Safety  and  Operating  Problems  Conference.  Design  studies  and  research 
activities  for  the  development  of  an  Improved  breadboard  system  were  Initiated 
after  the  concept  feasibility  tests. 

In  1973»  the  Federal  Aviation  Administration  requested  the  NASA's 
Marshall  Space  Flight  Center  to  develop  a breadboard  scanning  continuous  wave 
laser  system  for  detecting,  tracking  and  measuring  aircraft  wake  vortices  In 
the  landing  corridor  of  an  airport.  This  system  was  developed  and  successfully 
tested  In  197^  and  1975  at  the  John  F.  Kennedy  International  Airport  (JFK). 

The  tests  provided  vortex  data  and  tracks  on  over  I6OO  aircraft  landings. 

These  two  b<*eadboard  systems  will  be  discussed  In  more  detail. 

There  Is  always  a concern  for  personnel  safety  when  laser  systems  are 
used.  These  systems  are  designed  to  meet  conservative  safety  requirements. 

In  addition,  ordinary  glass  and  plastics  will  reflect  the  CO2  laser  radiation 
and  therefore,  will  prevent  eye  damage. 


SCANNING  LASER  DOPPLER  VELOCIMETER  FOR  VORTEX  MEASURING 

The  Scanning  Laser  Doppler  Velocimeter  (SLDV)  System  shown  In  figure  2 Is 
capable  of  detecting,  tracking,  and  measuring  the  velocity  patterns  of  air- 
craft wing  tip  vortices  as  well  as  general  atmospheric  turbulence.  The  SLDV 
Is  8 continuous  wave,  focused,  coaxial  or-* leal  system  which  operates  with  a 
CO2  laser  emitting  Infrared  radiation  at  u wavelength  of  10.6  micrometers. 

This  system  Is  Installed  In  an  equipment  van  and  consists  of  a 20  watt 
very  stable  CO2  laser,  a modified  Mach-Zehnder  Interferometer,  a Bragg  cell 
frequency  translator,  an  F/2  cassegralnlan  ♦•elescope  with  a 30.5  cm  (12  In.) 
aperture,  an  Infrared  detector,  a versatile  range  and  angle  scanner,  a signal 
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processor,  a data  algorithm  processor,  various  displays  and  recording  electron* 
Ics.  The  system  Is  designed  to  have  a range  coverage  of  61  to  610  m (200  to 
2000  ft.)  and  an  elevation  coverage  of  3°  to  60°.  The  maximum  range  and  angle 
scan  rates  are  7 Hz  and  I Hz,  respectively.  The  system  detects  Doppler 
velocities  and  discriminates  those  up  to  61  m/s  (200  ft/s)  In  Increments  of 
0.55  ni/s  (1.8  ft/s)  and  provides  a I Ine-of-slght  velocity  spectrum  for  the 
range  resolution  volume  In  space  associated  with  the  point  where  the  system 
Is  focused.  The  velocity  spectrum  Is  processed  along  with  scanner  data  to 
provide  specific  Information  on  velocity  magnitude,  signal  position  In  space 
and  signal  Intensity  as  a function  of  time. 

Following  the  development  of  the  SLDV  system,  aircraft  wake  vortices  and 
wind  profile  measurements  were  performed  with  two  units  Installed  at  the  JFK 
Airport.  These  measurements  were  performed  In  cooperation  with  the  Department 
of  Transportation's  Federal  Aviation  Administration  (FAA) , Transportation 
Systems  Center  (TSC)  and  the  National  Aviation  Facilities  Experiment  Center 
(NAFEC) . 

The  test  site  at  JFK  Airport  was  located  near  the  middle  marker  on  Runway 
3IR  which  Is  about  765  m (2500  ft.)  from  the  end  of  the  runway.  The  site  was 
Instrumented  with  wind  anemometers,  pressure  sensors,  acoustic  radars,  as  well 
as  the  laser  Doppler  system  which  served  as  the  standard  for  the  tests.  Two 
SLDV  units  were  located  about  121  m (403  ft.)  on  either  side  of  the  runway 
centerline  as  shown  In  figure  3.  This  arrangement  permitted  these  two 
Independent  sensors  to  scan  a common  area  perpendicular  to  the  aircraft  land- 
ing corridor.  The  area  of  primary  coverage  by  the  laser  systems  for  the  vortex 
problem  was  6l  m (203  ft.)  on  either  side  of  the  runway  centerline  and  65  m 
(215  ft.)  altitude. 

To  cover  this  primary  area,  the  range  position  for  the  focus  of  the 
radiation  was  continuously  cycled  betvjeen  a 61  m (200  ft.)  and  305  •t'  (1000  ft.) 
as  the  angular  position  for  the  focus  was  cycled  between  3°  and  33°*  These 
two  simultaneous  movements  of  the  radiation  focus  In  this  area  perpendicular 
to  the  aircraft  approach  lane  mapped  out  a finger  like  pattern  In  elevation 
for  each  scan  frame.  To  provide  adequate  data  density  In  the  scanned  area,  a 
7 Hz  range  scan  rate  and  a 0.2  Hz  elevation  rate  were  used.  These  rates  also 
gave  a new  frame  of  data  across  the  vortices  every  2.5  seconds.  This  contin- 
uous coverage  of  the  scanned  area  provided  the  data  for  vortex  time  histories 
that  will  be  discussed  later. 

The  Doppler  shifted  radiation  from  the  scanned  areas  was  collected  and 
mixed  with  the  laser  beam  on  an  Infrared  detector  where  the  radiation  energy 
was  converted  to  electrical  energy.  This  electrical  signal  was  then  sent  to 
the  signal  processor  where  the  velocity  data  were  sorted  into  .55  ni/s 
(1.8  ft/s)  Increments.  This  data  contained  Information  on  the  grounu  wind 
speeds  and  the  vortex  velocities  which  were  generally  higher  than  tlie  wind 
data.  A velocity  threslold  was  set  above  the  peak  wind  speed  so  that  only 
the  vortex  velocities  were  sent  to  the  data  algorithm  processor  along  with 
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associated  signal  Intensities  and  the  position  data  obtained  from  the  scanner. 
These  data  were  then  screened  using  the  vortex  location  algorithm  to  assure 
that  sufficient  data  existed  to  locate  a vortex  center.  Further  screening  of 
the  data  assured  that  unusable  data  such  as  noise  spikes  were  not  used.  Then, 
to  locate  the  first  vortex,  the  data  were  processed  using  a centroldlng 
technique  based  on  the  maximum  signal  Intensity  of  the  usable  data  from  a 
single  frame  of  the  scanned  area.  After  firdlng  the  first  vortex,  the  data 
used  In  determining  Its  location  were  eliminated  and  the  real  time  algorithm 
proceeded  to  look  for  a second  vortex.  After  the  second  vortex  was  located, 
or  If  a second  data  area  could  not  be  defined,  the  chosen  vortex  centroids 
were  displayed  in  real  time  and  the  location  information  was  stored  on  a disk 
for  later  transfer  to  magnetic  tape  for  use  In  vortex  behavior  studies. 

Typical  vortex  tracks  are  shown  In  figure  4.  The  time  based  plots  show 
altitude  and  lateral  location  of  the  port  (O)  and  sta  board  (*)  vortex 
centroids  with  time.  When  only  one  vortex  was  found  a single  position  (S) 
was  denoted  for  that  scan  frame.  The  position  of  the  SLOV's  at  the  test  site 
Is  shown  on  the  right  hand  plots  of  time  versus  range.  The  top  curves  are 
from  SLDV  1 (van  1)  and  the  bottom  ones  from  SLDV  2 (van  2).  A Boeing  707 
aircraft,  experiencing  about  a 0,9  m/s  (3  mlles/hr.)  head  wind,  generated  the 
vortex  tracks.  Most  aircraft  came  over  this  point  of  the  test  site  between 
35  m (115  ft.)  and  55  m (180  ft.)  altitude.  This  one  was  just  above  37  m 
(120  ft.)  as  indicated  In  the  plots  on  the  left  of  altitude  versus  time. 

There  Is  general  agreement  between  the  data  from  SLDV  1 and  SLDV  2.  The 
better  agreement  In  the  data  usually  occurs  at  distances  less  than  152  m 
(500  ft.)  from  the  SLDV  location.  The  tabular  data  used  In  generating  these 
plots  is  printed  simultaneously.  Processing  of  the  data  In  a post  processing 
mode  allows  all  of  the  real  time  displays  to  be  regenerated  plus  plots  of 
peak  velocity  and  peak  intensity  shown  In  both  altitude  and  range. 

The  unthresholded  data  were  also  recorded  and  are  being  used  to  deter- 
mine SLDV  system  performance  and  for  study  of  the  velocity  flow  fields.  So 
far,  the  analysis  shows  that  the  vortex  locations  are  within  a 3 ni  (10  ft.) 
tolerance  at  150  m (492  ft.)  range  and  that  the  SLDV  performed  according  to 
the  theoretical  design,  thereby  fully  meeting  the  sensor  development 
obj ectives, 

Over  1600  flights  on  Runway  31R  at  JFK  airport  were  monitored  during  the 
tests  yielding  vortex  Information  on  13  different  types  of  aircraft.  The 
majority  of  the  data  Is  from  B-707's,  B-727's,  B-747's  and  DC-8's.  Peak 
vortex  velocities  of  30.5  m/s  (100  ft./s)  were  measured  and  the  vortices 
were  tracked  to  a range  of  457  ni  (1500  ft.).  The  data  on  vortex  tracks 
were  furnished  to  the  Transportation  Systems  Center  shortly  after  Ic  was 
collected  for  analysis  of  vortex  behavloi'  and  other  studies  which  were  part 
of  the  FAA's  wake  vortex  program.  Along  with  the  MSK,  the  Lockheed  Missiles 
and  Space  Company,  M&S  Computing  Company  and  the  Raytheon  Company  participated 
in  the  SLDV  development  program. 
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When  vortex  data  were  not  being  collected,  the  data  algorithm  processor 
could  be  configured  to  give  wind  profiles  In  near  real  time.  In  this  mode, 
data  from  the  two  Independent  units  were  processed  for  time  correlation  of 
the  scans  from  the  two  systems  and  then  spatially  correlated  to  meet  certain 
spatial  requi renents.  These  data  were  then  used  to  determine  the  vertical 
and  horizontal  velocity  components  associated  with  a given  altitude.  A 
near  real  time  plot  of  the  resulting  average  horizontal  and  vertical  wind 
components  In  the  common  scan  area  of  the  plane  between  the  two  sensors  Is 
shown  In  figure  5.  Plotted  here  are  the  horizontal (X)  and  vertical  (Y) 
velocity  components  as  a function  of  altitude  using  data  collected  on 
April  1,  1975.  The  time  correlation  for  these  plots  Is  1.25  s.,  with  a 
spatial  correlation  of  2 m (7  ft.)  and  the  altitude  Increments  are  6 m (20  ft.). 
From  the  recorded  unthreshol ded  data,  similar  wind  Information  Is  available 
for  each  of  the  vortex  time  histories.  This  data  may  be  of  Interest  to  those 
studying  vortex  behavior  In  ground  effect. 

A detailed  description  of  the  SLDV  development  Is  contained  In  references 
1,  2 and  3. 


THE  CAT  SYSTEM 


Studies  for  the  design  and  development  of  a breadboard  pulsed  CO2  laser 
Doppler  system  began  in  1968,  The  objective  of  this  effort.  Illustrated  In 
figure  6,  was  to  determine  experimentally  whether  a pulsed  laser  Doppler 
system  aboard  an  aircraft  could  detect  and  measure  CAT  at  a reasonable 
distance  ahead  of  the  aircraft,  to  make  It  a suitable  principle  for  an  onboard 
aircraft  warning  system.  This  is  further  discussed  in  references  4 and  5. 
Toward  this  goal  a breadboard  system  was  built,  given  an  initial  checkout,  and 
then  flight  tested  in  1972  and  1973.  Following  a detailed  system  and  component 
evaluation,  the  hardware  is  being  modified  to  Improve  the  hardware  performance, 
to  Increase  the  range  and  to  provide  a ground  wind  measuring  capability. 
Extensive  ground  based  tests  are  planned.  These  will  be  followed  In  1978  by  a 
flight  evaluation  test  for  CAT. 

The  CAT  system  consists  of  a very  stable  CO2  laser,  a modulator  or  pulse 
gate,  a power  amplifier,  a modified  Mach-Zehnder  Interferometer,  an  F/3 
newtonlan  telescope,  an  Infrared  detector,  a filter  bank  type  signal  processor, 
appropriate  displays  and  recording  electronics. 

The  transmitter  part  of  the  CAT  system  uses  a master  oscillator  power 
amplifier  configuration,  similar  to  conventional  pulse  Doppler  radar,  to 
achieve  high  power  output  along  with  the  good  frequency  stability  needed  for 
Doppler  detection.  The  output  of  a frequency  stable  CO-  laser  Is  directed 
to  the  modulator  where  It  Is  pulse  modulated  to  drive  the  power  amplifier. 

The  output  of  the  power  amplifier  goes  to  a telescope  and  is  then  transmitted 
forward  of  the  aircraft  through  a Germanium  window  mounted  in  a special 
fairing  pod  on  the  side  of  the  aircraft  which  serves  as  the  view  port  for 
the  instrument. 
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A small  portion  of  the  transmitted  energy  is  backscattered  by  aerosols  to 
the  telescope  where  It  is  then  directed  to  the  infrared  detector  which  Is  also 
receiving  a small  part  of  the  outgoing  laser  beam.  These  two  beams  combine 
to  yield  a signal  that  contains  the  Doppler  frequencies  of  the  aerosols  with 
respect  to  the  aircraft  speed.  This  signal  Is  processed  and  analyzed  by  a 
filter  bank  to  get  the  velocity  and  turbulence  information  of  Interest. 

The  primary  characteristics  of  the  tested  system  were  a wavelength 
of  10,6  ^m,  a pulse  length  of  1 to  10  s,  a pulse  rate  of  110  to  200  pulses 
per  second,  a peak  power  of  2.2  to  3.0  kU  with  an  average  power  of  1.5  to  2,5 
watts,  a telescope  diameter  of  30.5  cm  (12  inches),  a signal  Integration  of  50 
pulses  and  a turbulence  resolution  minimum  of  0.6  m/sec  (2  ft/s). 

The  laser  and  optics  equipment,  as  Installed  on  the  aircraft.  Is  shown 
In  figure  7.  The  signal  processing  equipment  Is  shown  In  figure  8.  Two 
similar  racks  of  equipment  contain  power  supplies,  timing  controls,  displays 
and  recorders.  The  development  of  this  equipment  Is  discussed  In  reference 
6,  The  Galileo,  a Convair  990  aircraft  based  at  Ames  Research  Center  was  the 
flight  test  aircraft  for  the  CAT  system  and  Is  shown  In  figure  9.  A special 
46  cm  (18  Inch)  diameter  fairing  shown  over  the  wing  was  built  to  house  a 
special  window  for  the  CO2  radiation  and  a forward  reflecting  mirror  that 
directed  the  laser  radiation  forward  along  the  flight  path.  A close  view  of 
the  fairing  Is  shown  In  figure  10.  The  reflecting  surface  Inside  the  fairing 
Is  a Germanium  window  that  Is  transparent  to  the  10.6  m radiation. 

The  pulsed  laser  Doppler  equipment  shown  above  was  tested  aboard  the 
aircraft  In  August  and  September  1972  and  again  In  January  1973.  Atmospheric 
^ Turbulence  Targets  were  located  including  desert  thermal  turbulence  and 

mountain  wave  turbulence,  two  types  of  CAT.  These  CAT  encounters  came  after 
calibration  and  performance  data  were  collected. 

The  CAT  system  data  discussion  requ-res  a coscript I on  of  the  data  dis- 
plays which  were  regularly  photographed  during  the  tests.  These  pictures  are 
used  extensively  In  the  data  analysis.  One  of  the  displays  Is  a Range  Velocity 
Intensity  (RVI)  display  on  which  the  veitical  scale  Is  velocity,  range  Is  on  the 
horizontal  scale,  while  Intensity  shows  up  as  different  brightness  levels  of 
the  data.  Figure  11  shows  signals  received  from  cirrus  clouds  at  10  km 
(33000  ft.)  altitude  with  the  aircraft  traveling  at  89O  km/hr  (480  knots). 

The  dava  at  the  top  of  the  display  shows  the  true  air  speed  of  the  aircraft 
out  to  a range  of  20.5  km  (11  nautical  miles.)  A spread  or  width  about  this 
velocity  line  would  Indicate  turbulence.  The  brightiess  at  the  left  of  this 
line  shows  the  hlgn  Intensity  signals  received  from  the  clouds  at  close  re;  ye. 
The  bottom  part  of  the  displays,  Indicated  by  the  overlapping  lines,  are  the 
signals  from  an  A scope,  which  Is  a signal  intensity  versus  range  plot  of  the 
unprocessed  velocity.  In  figure  lib,  the  total  range  on  the  A scope  Is  1/2 
the  range  of  the  RVI  display,  so  the  signals  of  Interest  In  the  top  half  of 
the  screen,  identifying  the  cirrus  clouds  are  at  a range  twice  the  indicated 
range  on  the  RVI  display. 
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The  data  In  figure  12  shows  three  well  separated  clouds  traveling  at 
different  speeds  ahead  of  the  aircraft.  The  data  spot  on  the  left  of  the  top 
display  shows  the  true  air  speed  of  the  aircraft.  Turbulence  Is  Indicated  In 
both  figure  I2a  and  b.  The  width  of  the  spectral  returns  on  the  lower  screen 
Indicates  extreme  turbulence,  which  Is  defined  as  gust  velocities  above  15 
m/s  (50  ft/s).  A turbulence  velocity  of  19  m/s  (63  ft/s)  Is  shown.  Figure 
13  Is  a set  of  data  confirming  the  encounter  by  the  aircraft  of  turbulence  de- 
tected by  the  CAT  system  shortly  after  the  time  of  the  data  In  figure  12. 

The  top  plot,  13a,  Is  a display  of  the  turbulence  signal  Intensity  versus 
velocity  at  a Greenwich  mean  time  of  23:53:10.  For  a selected  range,  this 
display  shows  the  velocity  distribution  from  the  filter  bank.  The  peak  of 
the  curve  Is  at  the  flight  velocity  and  when  turbulence  Is  detected  the  peak 
signal  flattens  and  there  Is  an  Increase  In  the  width  of  the  velocity.  In 
this  display,  the  measured  or  selected  range  In  signal  time  l.e.,  the  round 
trip  time  to  the  turbulence  at  the  speed  of  light.  Is  27  ^.s.  This  corresponds 
to  a distance  of  4 km  (2,2  nautical  miles).  With  the  aircraft  traveling  at  a 
speed  of  665  km/hr  (359  knots)  the  estimated  time  to  the  patch  of  turbulence 
Is  22  seconds.  The  aircraft  center  of  gravity  accelerometer  data  wp  recorded 
and  the  signal  for  this  aircraft  encounter  with  the  turbulence  Is  shown  In 
figure  I3b  which  Is  a plot  of  G load  versus  time.  The  top  curve  »s  the 
vertical  acceleration  trace  and  the  bottom  one  Is  a horizontal  acceleration 
trace.  The  accelerometer  data  trace  starts  when  the  turbulence  ahead  of  the 
aircraft  appears  on  the  intensity  velocity  display.  Between  20  and  30  seconds, 
there  are  major  changes  In  the  acceleration  curves  especially  the  top  trace. 

At  22  seconds,  the  Identified  time,  the  accelerometer  already  shows  a change 
In  G load,  the  change  having  started  at  about  1 8 seconds.  The  maximum 
acceleration  Is  over  0.5  G and  occurs  at  24  seconds  after  the  turbulence  was 
Identified.  This  set  of  data  Indicates  that  It  Is  possible  to  Identify 
turbulence  ahead  of  the  aircraft  with  the  pulsed  laser  Doppler  system,  the  CAT 
system,  before  It  Is  encountered  by  the  aircraft. 

A dust  storm  In  the  Kingman,  Arizona  area  was  found  during  the  flight  on 
September  6,  1972.  The  aircraft  did  not  fly  Into  the  storm  because  of  the 

potential  damage  to  the  aircraft  and  the  onboard  Instrumentation  and  experi- 

ments, but  the  aircraft  was  flown  near  It.  Strong  signal  returns  were 
collected  by  the  CAT  system  and  are  shown  In  figure  14.  The  top  set  of  data 

shows  the  Increased  signal  Intensity  and  the  spread  that  Is  caused  by  the 

turbulence  and  the  Increased  backscattered  signal  resulting  from  the  dust. 

As  the  aircraft  started  away  from  the  storm  the  CAT  system  detected  a wind 
shear  as  shown  on  the  RVI  display.  The  difference  In  horizontal  velocity 
measured  over  3.0  km  (1.6  nautical  miles)  range  was  about  50  km/hr  (27  knots). 
The  aircraft  flew  through  this  shear  and  Its  Instrumentation  recorded  a HO 
km/hr  (22  knots)  shear  as  It  passed  through  the  region  where  the  laser  system 
identified  the  shear. 

The  flight  test  results  can  be  sumnarlzed  as  follows: 

I,  There  were  no  CAT  system  operating  problems  resulting  from  the  air- 
borne environment. 
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2,  NonJet  stream  turbulence  was  Identified  and  then  encountered  near  a 
dust  storm  and  on  the  east  side  of  the  Sierra  Mountains  In  many  cumulus  clouds. 
Clear  air  mountain  wave  and  desert  thermal  turbulence  were  Identified  and  en- 
countered. 

3.  Wind  shear  was  detected,  measured,  and  encountered  near  a dust  storm. 

k.  Clear  air  signals,  where  there  was  no  turbulence,  were  measured  at 
ranges  of  5 to  9 km  (3  to  5 nautical  miles)  and  up  to  altitudes  of  6.7  km 
(22,000  ft.). 

5.  Cirrus  clouds  were  identified  at  altitudes  between  7.6  to  11.5  km 
(25,000  to  30,000  ft.). 

6.  Three  well  separated  cumulus  clouds  were  detected  simultaneously 
ahead  of  the  aircraft. 

The  pulsed  CO2  laser  Doppler  system  discussed  above  has  demonstrated  some 
of  the  capabilities  essential  to  meet  the  stated  objective  for  this  develop- 
ment; to  determine  experimentally  whether  a pulsed  laser  Doppler  system  aboard 
an  aircraft  can  detect  and  measure  CAT  sufficiently  ahead  of  the  aircraft  to 
make  It  a suitable  principle  for  an  onboard  Instrument.  MSFC  supported  by  the 
Raytheon  Company  has  been  working  to  find  the  answer  to  this  objective.  The 
CAT  system  Is  now  undergoing  modifications  to  improve  the  performance  of  the 
hardware  which  should  result  in  a transmitted  signal  that  has  greater  coherence 
and  increased  signal  strength.  These  impr^  ements  will  result  in  Increased 
detection  range  to  as  much  as  18.5  km  (10  nautical  miles).  The  equipment  Is 
also  being  modified  to  enable  measurement  v/inds  from  the  ground.  With  these 
improvements  It  appears  that  the  stated  objective  requirements  will  be  met 
during  a future  flight  test. 


CONCLUDING  REMARKS 


Presented  above  are  two  of  the  breadboard  CO2  loser  Doppler  systems  that 
have  been  developed  to  help  resolve  aviation  safety  problems.  Research  and 
development  Is  continuing  on  both  of  these  breadboard  systems  to  advance  the 
systems  technology  and  to  take  advantage  of  the  advances  in  the  state-of-the- 
art,  Studies  on  applying  this  technology  to  measure  pollution,  wind  shears, 
and  severe  storm  winds  are  part  of  the  overall  prograi'.  Experience  of  value  to 
these  studies  was  gained  when  a ground  based  CW  laser  system  v/as  used  to  collect 
data  on  dust  devil  velocities.  The  advai  cement  of  this  tecin  ?logy  may  lead  to 
other  applications  for  measurements  01  l.iC  atmosphere.  The  interest  in  these 
advances  Is  based  on  the  demonstrated  results  to  date  v;hich  are  nov/  -iiiiarized. 

Laser  Doppler  technology  lias  been  used  to  successfully  measure  natui'al  and 
induced  atmospheric  turbulence  that  affect  aircraft  and  aii(ioit  operations. 

Two  breadboard  systeiss  have  been  developed  and  tested  for  ' ai-infi  at'  ispheric 
velocity  .neasurements. 
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K A ground  based  continuous  wave  CO2  SLDV  tracked  aircraft  wing  tip 
vortices  and  measured  ground  winds  at  an  airport  providing  unique  high  quality 
test  data  on  aircraft  vortices, 

2.  A pulsed  COo  laser  Doppler  system  has  measured  true  air  speed,  winds 
aloft,  non-rain  cloud  locations,  wind  shear  and  turbulence.  These  feasibility 
measurements  have  lead  to  special  application  system  studies. 

The  technology  Is  advancing  and  will  result  In  significant  reductions  In 
hardware  size  weight  and  power  requirements  while  increasing  range  capability 
and  data  handling  capability  and  capacity.  This  may  then  lead  to  the  commer- 
cial use  of  these  developments  In  solving  some  aircraft  safety  operating 
problems. 
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Figure  11.-  CAT  system  data.  Cirrus  cloud  returns. 
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Figure  12.-  CAT  system  data.  Ctimulus  clouds. 


Figure  13.-  CAT  system  data.  Cloud 
turbulence  correlation  data. 
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SUMMARY  OP  NASA  WAKE-VORTEX  MINIMIZATION  RESEARCH 

R.  Earl  Dunham,  Jr. 

NASA  Langley  Research  Center 


® in  the  area  of  wake-vortex 

minimization  and  summarizes  the  results  presented  at  thp  naqa  c 4 

Wake  Vortex  Mlnlnization,  February  25  Ld  26  1976  Syupoalum  on 

additional  reaults  obtained  alnce^L  ^^o  lul  are  S . 


INTRODUCTION 

.lrcr“riec%j::c‘e1yd°eparSr:i^  ^t  a^rnSrlr*"™ 

hazard  posed  by  the  vortex'^wo^  alCr^du^uSr^ ^ thf  ^Jele'n  t ^ 
requirements.  Such  reductions  would  allow  full  utilization  of  nJw  ^ ■» 

an  inLnsive  several  years  NASA  has  been  coLuctlng 

In-house  and  contractural  research  effort  involving  theoretlr-df 
studies  of  various  wake-vortex  minimization  techniques 

Si«u«tl“  o^a^Lu^^“”^“°”A”^“'  Aviation  Administration's 

® the  area  of  wake-vortex 

::mrr^“tt:-bti;:er 


SYMBOLS 

b/2  aircraft  semispan,  m 

^L  lift  coefficient 

c aircraft  average  wing  chord,  m 

d separation  distance  between  vortices,  m 
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t 


time 


) 

\ 
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\ 

i 
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U«>  free-stream  velocity,  m/st  c 

X,Y,Z  orthogonal  coordinate  axis  system  with  origin  at  wing  center 

9 

r vortex  circulation,  m /sec 

Subscripts : 

1 vortex  one 

2 vortex  two 


THEORETICAL  STUDIES 
Inviscid  Analysis 

A theoretical  method  used  to  describe  tl)e  rolled-up  vortex  system  of  a 
lifting  surface  is  the  technique  of  Betz  (ref.  3)  which  \\kis  recently  reassessed 
and  described  in  reference  4.  The  theory,  based  on  the  conservation  equation  for 
inviscid  two-dimensional  vortices,  relates  the  circulation  in  the  fully  rolled- 
up  vortex  to  the  span  loading  on  the  lifting  wing.  Because  of  the  simplicity 
of  the  method,  the  details  of  the  rollup  process  are  not  described;  however, 
the  technique  has  been  shoim  to  be  useful  in  predicting  gross  vortex  character- 
istics behind  lifting  surfaces  (ref.  5)  and  often  has  been  found  to  be  more 
accurate  than  more  complex  methods. 

The  rollup  process  of  the  vortex  sheet  from  a lifting  surface  has  been 
determined  by  calculations  of  the  two-dimensional  time-dependent  motion  of 
point  vortices.  This  type  of  rollup  calculation  for  an  elllptically  loaded 
wing  is  illustrated  in  figure  1.  Point  vortex  comrutt^rized-rollup  calculations 
are  subject  to  unrealistic  ntimerical  instabilities  bfM/ause  of  the  singular  point 
at  a radius  of  zero  from  the  point  vortex*  Reference  6 discusses  techniques  for 
minimizing  these  errors  and  describes  a technique  for  monitoring  the  numerical 
stability  of  these  calculations.  As  shown  in  figure  1,  the  application  of  the 
principles  described  in  reference  6 provides  an  accurate  point-vortex  calculation 
description  of  the  rollup  of  an  elllptically  loaded  wing. 

The  Betz  modeling  and  the  two-dimensional  t ime-dependent  point-vortex  calcu- 
lation techniques  have  been  used  to  study  a variety  of  span-load  distributions 
for  wake-vortex  minimization.  Analysis  has  indicated  tiiat  span-load  alterations, 
In  order  to  produce  large  vortex  iore  sizes  with  rclato<l  redtictions  in  circum- 
ferential velocities,  are  limited  in  th»*  athievihle  amount  of  vortex  minimiza- 
tion. (See  refs*  4 and  6.) 

The  two-dlmensionaJ  time-dependent  calcuhil  ions  Innve  shovm  tlie  possibility 
('f  achieving  wake-vortex  minimlzat  iim  tlu'  pianluction  of  a chaotic  wake 

structure  to  enhance  the  dissipation  nf  sh(»di  vorticit'  . In  figure  2,  the  numer- 
ical calculations  far  a stepp*ed  or  sawto<^ih  :;pan-load  d i st  r ibtit  ion  are  shown  to 
have  chaotic  wake  rollup.  Model  tests  (ref.  7)  <»1  a wing  having  a sawtooth  span 
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loading  showed  that  the  sluul  vortices  did  undergo  the  large-scale  excursions 
shown  in  figure  2;  however,  several  spans  downstream,  when  vortex  linking  was 
completed,  a vortex  pair  still  remained.  The  model  results  indicate  that  the 
interaction  of  multiple  vortex  pairs  in  a wake  brings  about  large  disturbances 
to  the  vortex  sheet.  ft  is  necessary  to  include  viscous  effects  in  the  theoret- 
ical calculations  to  understand  tlie  significance  of  this  process. 


Vi scous  Studies 

Under  an  NASA  contract,  a computer  program  has  been  developed  to  solve  the 
vortex  equations  of  fluid  motion  including  convection  and  turbulent  diffusion. 

The  computer  code  uses  a second-order  closure  for  the  velocity  correlation  and 
an  invariant  turbulent  model.  Details  of  the  turbulent  model  and  the  second- 
order  closure  technique  may  be  found  in  references  4,  8,  and  9.  The  computer 
code  was  used  to  calculate  the  merging  of  two  equal-strength  like-sign  vortices. 
Figure  3 indicates  the  pressure-intensity  field  during  the  merging  process  of 
two  equal-strength  like-sign  vortices  where  minimums  in  pressure  are  designated 
by  the  darkened  regions.  During  the  merging  process,  considerable  turbulent 
kinetic  energy  is  generated  and  is  plotted  in  figure  4 for  the  merging  of  two 
equal-strength  like-sign  vortices.  The  process  of  turbulence  generation  during 
vortex  merging  is  significant  becaust'  it  will  aid  the  dissipation  process  of  the 
merged  vortex.  The  merging  of  the  vortices  illustrated  In  figures  3 and  4 is 
representative  of  the  merging  which  nox*mally  takes  place  between  the  wing-tip 
and  outboard  flap  vortex  of  an  aircraft  in  the  landing  configuration.  The 
results  of  the  viscous  vortex  analysis  liave  shown  that  by  altering  the  span-load 
distribution  of  a large  transport  aiicraft  so  that  the  wing-tip  and  flap  vortices 
are  of  nearly  equal  strengths  with  the  flap  vortex  at  the  40-percent  semiapan 
station,  the  turbulence  produced  during  the  merging  process  is  maximized.  Such 
a configuration  leads  to  an  enir.nced  diffusion  of  the  trailed  vorticlty.  Experi- 
mental results  of  this  coni iguration  are  discussed  later. 


EXl’EKlMllNTAL  vSTUDlES 

Experimental  studies  liave  been  conducted  to  evaluate  various  wake-vortex 
minimization  teclmiques.  I'l  in;arily,  tlje  vortex  minimization  techniques  were 
evaluated  for  the  vortex-generating  aircraft  in  the  landing  configuration. 

Vortex  effects  on  a traiJing  aircrait  for  an  in-trail  tvpe  penetration  (that  is, 
one  aircraft  behind  another)  are  used  infer  tlie  vortex  liazard  in  the  terminal 
area,  since  this  type  of  cuicounter  is  most  likely  to  occur  during  landing 
approaches.  Experimental  studies  consisted  of  both  flight  tests  and  mt^del  tests 
of  vortex  minimization  techniques. 


Mi  uli*  1 1 eS  t s 

Model  tests  have  been  i^'ndiuteil  utilizing  the  test  procedure  illustrate<l 
in  figure  5.  For  mc»st  of  tlie  a h-747  aircraft  model  was  used  as  a vt'rtex 

generator,  since  It  is  rep  ri^seut  a M vr  current  wide-hody  ]t*t  transpeu'L*- , As 
will  be  discussed  latc’r,  a lir;ite<l  numher  of  tests  were  (‘onducted  by  using  DC'-IO 
and  L-1011  vortex-generating  alriratt.  1 lu*  ei  fe(*t  i veness  of  various  vt>rtex 
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minimization  techniques  was  determined  by  measuring  the  vortex- induced  rolling 
moment  on  a smaller  wing  model  positioned  downstream  of  the  vortex-generating 
aircraft.  This  technique  has  been  used  in  wind  tunnels  and  towing  facilities 
in  which  both  the  vortex  generator  and  the  trailing  wing  are  translated  through 
a fluid  medium.  Facilities  which  have  been  used  to  obtain  a rolling-moment 
assessment  of  vortex  minimization  concepts  are  the  Ames  40-  by  80-foot  wind 
tunnel,  the  Langley  V/STOL  wind  tunnel  and  vortex  flow  facility,  and,  under 
contract,  a water  towing  tank  at  Hydronautlcs,  Inc.  Details  concerning  these 
facilities  and  the  test  technique  can  be  found  in  reference  10.  Additionally, 
laser-Doppler  veloclmeters  (ref.  11)  and  hot-wire  anemometers  have  been  used 
during  some  tests  to  measure  vortex  velocity  components.  Flow-visualization 
studies  in  several  facilities  have  proven  to  be  a useful  qualitative  indication 
of  the  vortex. 


Flight  Tests 

Fligit  tests  have  been  conducted  at  the  Dryden  Flight  Research  Center  using 
NASA's  B-747  aircraft  as  a vortex  generator  while  using  a T-37B  and  the  Ames 
Research  Center  Lear jet  as  vortex  probe  or  trailing  aircraft.  Also,  the  Wallops 
Flight  Center  C-54  aircraft  and  Langley's  PA-28  aircraft  have  been  used  to 
evaluate  one  wake-vortex  minimization  technique.  The  test  technique  has  involved 
the  determination  of  the  vortex-induced  rolling  moment  from  the  measurements 
obtained  d 'ing  the  probe  aircraft  while  making  in-trail  vortex  penetrations. 

A discussion  of  the  flight -test  procedures  and  examples  of  the  data  obtained 
are  provided  in  references  12  and  13.  In  addition  to  rolling  moments,  some 
measurements  of  the  vortex  velocity  distributions  have  been  obtained  by  hot-wire 
probes  on  the  Lear jet  (ref.  12). 

Flight-test  measurements  of  the  vortex-induced  rolling  moment  have  been 
found  to  correlate  qualitatively  with  results  obtained  in  the  model-test  facil- 
ities. Techniques  which  have  been  identified  by  model  tests  to  minimize  the 
vortex  upset  on  a trailing  model  have  been  shown  to  provide  similar  reductions 
in  flight  tests.  The  results  do  not  correlate  directly  in  magnitude  because  of 
differences  in  the  level  and  scale  of  ambient  turbulence  and  Reynold's  number 
between  model  tests  and  flight  tests. 


WAKE-VORTEX  MINIMIZATION  TECHNIQUES 

During  the  course  of  NASA's  experimental  program,  numerous  wake-vortex 
minimization  concepts  or  ideas  were  Investigated.  Several  concepts  or  methods 
were  found  to  provide  some  alteration  in  the  detailed  vortex  structure  without 
signi f icantly  reducing  the  roliing  moment  on  a trailing  aircraft  wing  model. 

These  unsuccessful  concepts  are  discussed  in  reference  14.  For  the  purpose  of 
the  following  discussion,  the  concepts  whicli  have  been  found  to  meet  the  primary 
program  objective  of  a significant  reduction  in  the  vortex-induced  rolling 
moment  on  a trailing  aircraft  have  been  divided  into  three  categories.  The  first 
is  the  use  of  turbulence  generation  or  injection  to  rapidly  diffuse  the  vorticity. 
The  second  is  the  tise  of  vortex  interaction  which  has  been  identified  in  the 
preceding  theoretical  section.  Tlie  third  area  for  discussion  is  to  combine  the 
effects  of  vortex  interaction  and  turbulence  injec^-ion. 
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Figure  6 illustrates  a turbulence  devic'e  ns  it  was  Installed  on  a C-54 
aircraft  for  a flight^test  evaluation*  The  device  generates  considerable  turbu- 
lence without  affecting  the  wing-lift  characteristics*  Details  concerning  the 
development  of  this  device  can  be  found  in  reference*  15.  The  turbulence  device 
was  found  to  rapidly  diffuse  and  dissipate  the  vortex  system  from  the  C-54  air- 
craft. A flight-test  evaluation  using  a PA-28  aircraft  to  probe  the  C-54  vortex 
system  indicated  that  significant  reductions  In  tin*  vortex-induced  rolling 
moment  were  obtained  when  the  turbulence  device  was  installed  on  the  C-54  air- 
craft* (See  fig*  7*)  Model  tests  on  a R-747  oi  a similar  turbulence  device 
have  shown  that  by  proper  spanwise  placement  of  chc-  device,  the  vortex- induced 
rolling  moment  on  a following  aircraft  can  be  reduced  considerably  * However, 
as  would  be  expected,  the  operational  penalties  associated  with  the  drag  of  such 
a device  are  significant. 

The  turbulence  within  a jet  engine  exhaust  has  been  shown  to  provide  some 
dissipation  of  the  aircraft trailing  vortices*  Hox^’ever,  as  shown  in  refer- 
ence 16,  the  levels  of  thrust  required  to  achieve  a significant  reduction  in 
•the  vortex- induced  rolling  moment  on  a following  aircraft  are  large.  As  indi- 
cated in  reference  16,  the  thrust  for  significant  vc-rtex  dissipation  during  the 
landing  approach  of  a B-747  would  require  full  power  on  tlie  outboard  engines 
and  some  reverse  thrust  on  the  inboard  engines  for  flight-path  control* 


Vortex  Interact  Ion 

Theoretical  studies  have  indicated  that  turbulence  is  produced  during  the 
merging  process  of  a wing-tip  and  flap  vortex.  Additional  analyses  have  shown 
that  the  interaction  phenomena  produce  a maximum  amount  of  turbulence  dissipa- 
tion when  the  wing-tip  and  flap  vortices  are  oi  nearly  equal  strength  and  the  flap 
vortox  originates  at  the  40-percent  semispan  st.it ion*  This  concept  was  imple- 
mented on  a B-747  aircraft  by  deploying  onJv  tlio  inboard  flap  segment  during 
landing  approach  to  achieve  the  desired  location  of  the  flap  voriex*  Details 
concerning  the  development  of  this  concept  ar<*  given  in  reference  17* 

Figure  8 illustrates  the  differences  in  the  character  of  the  vortex  inter- 
action and  merging  for  a B-747  aircraft  in  a normal  landing  configuration  with 
all  the  flaps  deployed  and  in  a wake-vortex  minini;^ation  configuration  with 
only  the  inboard  flaps  deployed*  Model-test  and  flight-test  results  of  this 
concept  indicate  reductions  of  approximately  50  percent  on  the  vortex-induced 
rolling  moment  on  a trailing  aircraft. 

As  indicated  in  reference  17,  the  LmpJementat inn  of  this  concept  on  a B-747 
aircraft,  in  the  manner  described,  Imposed  severe  penal  tiOvS  on  the  pitching- 
moment  characteristics  and  maximum  1 if t-coefticient  capability  of  the  »ulrcraft 
during  landing  approach.  Additionally,  tlu‘  deployment  of  the  landing  ;ear 
adversely  affected  the  vortex  merging  phenomena,  whicdi  cmild  only  be  reestab- 
lished by  using  a large  vortex  generator  just  at  t of  the  wing  and  on  either 
side  of  the  fuselage.  (See  ref.  17.) 
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Combined  Effects 

The  deployment  of  certain  flight-spoiler  combinations  alters  the  span-load 
characteristics,  sheds  significant  turbulence,  and  can  be  used  to  combine  the 
effects  of  vortex  merging  and  turbulence  injection.  References  18  and  19  cover 
the  development  and  implementation  of  the  spoiler  concept  for  wake-vortex 
minimization.  As  shown  in  references  18  and  19,  the  maximum  reduction  in 
trailing-wlng  rolling  moment  behind  a B-7A7  aircraft  is  achieved  by  deploying 
the  two  outboard  spoilers  (numbered  1 and  2 in  fig.  9)  during  landing  approach. 
Model-test  results  using  this  spoiler  configuration  indicate  significant  reduc- 
tions in  the  vortex-induced  rolling  moment  on  a Learjet-size  aircraft  behind  a 
B-747  (fig.  10).  The  results  of  reference  18  show  that  symmetric  deployment 
of  the  two  outboard  spoiler  panels  on  a B-747  aircraft  Increases  the  landing 
configuration  drag  about  20  percent  while  reducing  the  maximum  lift— coefficient 
capability  about  5 percent.  Additionally,  it  was  found  during  flight  tests 
that  the  spoiler  concept  produced  significant  aerodynamic  buffet  which  seriously 
detracts  from  the  ride  quality  and  may  have  structural  implications  with  regard 
to  the  flap  and  flap-bracket  fatigue  life. 

Model-test  results  of  applying  the  spoiler  concept  to  DC-10  and  L-lOll  air- 
craft for  vortex  minimization  are  shown  in  figure  11.  The  data  show  that  the 
deployment  of  the  proper  spoiler  combination  on  these  aircraft  provides  a signifi- 
cant reduction  in  the  vortex-induced  rolling  moment  for  a Learjet-size  aircraft* 
The  spoilers  to  be  used  on  the  DC-10  and  L-lOll  aircraft  are  the  two  most  inboard 
flight  spoilers  (comparable  to  spoilers  3 and  4 in  fig.  9) . The  results  of  the 
DC-10  and  L-1011  aircraft  have  shown  that  the  vortex-minimization  techniques 
developed  during  B-747  aircraft  tests  are  applicable  to  other  vortex-generating 
aircraft.  The  implementation  of  any  concept  must  include  consideration  of  the 
differences  in  span  loading,  engine,  and  spoiler  placement  along  with  other 
configuration  differences. 


OPERATIONAL  CONSIDERATIONS 

A preliminary  analysis  of  the  operational  considerations  of  implementing 
the  turbulence  concept  by  use  of  drag  devices  or  engine  thrust,  the  vortex- 
interaction  concept  by  extension  of  only  the  inboard  flap,  and  the  combination 
of  these  concepts  by  deployment  of  the  flight  spoilers  for  wake-vortex  minimiza- 
tion on  a B-747  aircraft  has  been  performed  under  contract.  All  the  concepts 
have  certain  performance  penalties  which  would  pieclude  their  use  during  take- 
off operations;  consequently,  they  were  only  considered  to  be  used  during  the 
approach  and  landing. 

The  analysis  indicated  that  any  form  of  turbulence  injection  through  the 
use  of  high  thrust  settings  on  selected  engines  with  partial  reverse  thrust 
on  the  other  engines  was  operationally  unsuitable.  Considerable  hardware  would 
be  required  to  implement  a retractable  turbulence  device  similar  to  that  shown 
in  figure  6 on  a B-747  aircraft.  The  analysis  Indicated  that  such  a device 
could  not  meet  the  approach-climl  requirements  (one  engine  out),  but  could  be 
used  during  landing.  Additionally,  some  penalties  were  Incurred  during  the 
cruise  configuration  because  of  the  hardware  employed  to  stow  the  drag  devices. 
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Because  of  cost  and  the  performanci*  pHnalths  iat.rd  with  their  use,  the 

turbulence  concepts  would  probably  bo  innfi Uh  r<‘<i  unsnitahlo  for  operational  use. 

The  Implementation  of  the  vorto>;-intt‘rart  ion  ( uiua^pt  by  doplojrment  of  only 
the  Inboard  flap  considerably  reduced  th*'  static  marp,in  and  restricted  the 
center-of -gravity  range  severely*  Ti)is  UMhuIquc  was  lonslderod  unsuitable  for 
operational  use* 

The  use  of  the  spoiler  concept  was  fi>imd  lu  n|x»rat  ionally  the  most 
promising  concept  analyzed*  The  spoiler  coiuapt  app*Mrs  to  meet  most  certifi- 
cation requirements,  with  the  possible  exception  ol  tlu*  approach-climb  require- 
ment* An  assessment  of  the  structural  penalties  a^'.st^c  lated  with  tlie  flight 
spoiler— induced  buffet  or  possible  solutions  to  this  problem  have  not  been 
conducted*  As  Is  seen  In  figure  10^  liie  vortex-induced  rolling  moment  on  a 
trailing  aircraft  can  be  significantly  rcdticed  bv  m;ing  the  flight  spoiler  but 
not  totally  eliminated*  Such  reductions  .ire  character ist ic  of  all  the  vortex- 
minimization  concepts  evaluated*  As  indicated  in  reference  13,  vortex- 
minimization  concepts,  such  as  the  flight  rpojlto.s,  tan  reduce  the  distance 
at  which  a probe  aircraft  can  controllabl v fly  behind  a R-747  aircraft*  An 
analysis  has  not  been  conducted  to  determine  vhether  the  economic  gains  of  a 
reduction  In  separation  criteria  are  ot'lset  by  the  tximonic  penalties  associated 
with  implementing  wake-vortex  minimizat  ion  techni qm*s , ^iuch  as  would  be  incurred 
with  structural  changes,  to  withstand  or  reduce  anv  fliglit  spoiler-induced 
buffet. 


Considerable  advances  have  been  made  in  tlu  area  of  tlieoretlcal  analysis 
of  wake-vortex  minimization  techniques.  Kxperinental  modi*l-test  and  flight- 
test  procedures  have  been  developed  tor  ev.iluating  varit^us  wake— vortex  minimiza- 
tion techniques  and  the  model  tests  and  flig,ht  tests  have  been  shown  to  quali- 
tatively agree*  Tests  have  indicated  that  turhulema*  injiurtion  and  vortex 
interaction  brought  about  by  a suitable  span-Kxid  .alteration  can  considerably 
reduce  the  trailing-vortex  intensity*  Tlie  use  of  tlie  existing  flight  spoilers 
on  a wide-body  airplane  utilizes  both  tlie  lurlail  injection  and  the  vortex- 

interaction  technique  to  bring  alumt  waKe-vuiiix  minimization*  A cursory 
analysis  of  the  operational  feasibility  oi  fiMpb>'  ing  vs^ake-vor tex  minimization 
techniques  has  been  conducted*  All  tlu*  v«'rt  *.*>:  minimiriit  ion  te^chniques  Incur 
severe  performance  penalties  which  would  prei  liuli  tlu  ir  use  during  take-off* 

The  flight-spoiler  concept  was  cousidi*nul  the  imu  i leasihlt  candidate;  however, 
a solution  to  the  spoiler->nduced  bullet  v;.as  not  ou.i  I .::ed . Additionally,  the 
economic  penalties  associated  with  imp  I eineiit  lug  anv  v/af  e-vc^rtex  minimization 
concept  must  be  balanced  by  any  tuonevnii  gain  in  reiluccd  separations* 
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Figure  I*-  Results  of  point-vortex  calculations  of  the  vortex-sheet 
rollup  from  an  elliptically  loaded  wing.  (Data  from  ref.  6.) 


Figure  2.-  Results  of  point-vortex  calculations  of  the  vortex-sheet 
rollup  from  a sawtooth-load  distribution.  (Data  from  ref.  6*) 
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(a)  Turbulent  kinetic  energy  at  a non- 
dimensional  time  (tr/iid2)  of  0.0. 


(b)  Turbulent  kinetic  energy  at  a non- 
dimensional  time  (tr/Tid2)  of  1.33. 
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(c)  Turbulent  kinetic  energy  at  a non- 
dimensional  time  (tr/iTd2)  of  2.67. 


(d)  Turbulent  kinetic  energy  at  a non- 
dimensional  time  (tr/itd2)  of  4.0. 


Figure  4.-  Turbulent  kinetic  energy  intensity  plots  for  the  merging  of 
two  equal-strength  like-sign  vortices.  (From  ref.  8.) 
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LASER  VELOCIMETER,  HOT  WIRES 


VORTEX  GENERATOR  MODEL.  FORCES  AND  MOMENTS 


Figure  5.-  Illustration  of  model-test  procedure. 


Figure  6.-  Turbulence  device  installed  on  C-54  airplane  for  flight  tests 


Figure  9,“  Location  of  flight  spoilers  on  a B-7A7  aircraft. 


MODEL  TEST  RESULTS;  = 1.2 


ROLLING-MOMENT 
COEFFICIENT 
ON  A LEARJET 
SIZE  TRAILING 
MODEL 


Figure  10. ~ Model~test  results  of  the  effect  of  using  the  flight 
spoilers  on  1-747  for  vortex  minimization. 
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•LANDING  CONFIGURATION  OF  DC *10  AIRCRAFT 


LANDING  CONFIGURATION  OF  DC-10  AIRCRAFT 
WITH  TWO  INBOARD  SPOILERS  (SIMILAR  TO 
3 AND  4 ON  FIG.  9)  DEPLOYED 


AILERON  CONTROL  CAPABILITY  OF  A LEARJET 
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LANDING  CONFIGURATION  OF  L-1011  AIRCRAFT 
LANDING  CONFIGURATION  OF  L-1011 
AIRCRAFT  WITH  TWO  INBOARD 
-SPOILERS  (SIMILAR  TO  3 
^ AND  4 ON  FIG.  9) 

X:  DEPLOYED 

AILERON  CONTROL  CAPABILITY  OF  A LEARJET 


0 4 8 12  16  20 

DISTANCE,  IN  SPANS.  OF  THE  VORTEX-GENERATOR  AIRCRAFT 


Figure  11,-  Model-test  results  of  using  flight  spoilers  for 
wake-vortex  minimization  on  DC-IO  and  L-1011  airplanes. 
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STATUS  OF  NASA  AII^CRAFT  ENGINE  EMISSION  HEDUCTION  AND 
UPPER  ATMOSPHERE  MEASUREMENT  PROGRAMS 

Richard  A.  Rudcy  and  Erwin  A.  Lezbcrg 
NASA  Lewis  Research  Center 

SUMMARY 

NASA  is  conducting  pi'ograms  to  evaluate  ad/anced  emission  reductior  techniques 
for  five  existing  aircraft  gas  tuii)ine  engines.  Varying  degrees  of  progress  have  been 
made  toward  meeting  the  1979  EPA  standards  in  rig  tests  of  combustors  for  the  five 
engines.  Results  of  fundamental  combustion  studies  suggest  the  possibility  of  a new  gen- 
eration of  jet  engine  combustor  technology  that  would  reduce  oxides- of-nitrogen  (NO  ) 
emissions  far  below  levels  currently  demonstrated  in  the  engine- related  programs.  The 
Global  Air  Sampling  Program  (GASP)  is  now  in  full  opei’ation  and  is  pi-oviding  data  on 
constituent  measurements  of  ozone  and  other  minor  upper- atmosphere  species  related 
to  aircraft  emissions. 


INTRODUCTION 


This  paper  briefly  describes  some  of  the  current  NASA  programs  concenied  with 
evaluating  and  reducing  the  potential  impact  of  aircraft  operations  on  the  atmosphere. 
With  the  passage  of  the  Clean  Air  Act  in  1970.  the  Environmental  Protection  Agcaicy 
(EPA)  was  charged  with  establishing  acceptable  exhaust  emission  levels  of  carbon  mon- 
oxide (CO),  total  unbumed  hydrocai'bons  (TliC),  oxide.s  of  niti-ogen  (NO  ),  and  smoke  for 
aircraft  engines.  In  response  to  the  charge,  EPA  promulgated  the  sUmdatxls  described 
in  reference  1 In  1973.  Reductions  of  up  to  sixfold  from  present  emission  levels  will  be 
required  by  the  EPA  compliance  date  of  January  1,  1979.  NASA  has  responded  to  this 
requirement  with  major  programs  to  evolve  and  demonstrate  advtmced  technological 
capability  for  low- emission  gas  tuililne  engine  combustors. 

The  climatic  impact  studies  completed  by  the  Department  of  Tnuisportatlon  iDOT 
Climatic  Impact  Assessment  I’rogram  (CIAP))  recommended  reductions  from  0-  to 
60-fold  (ref.  2).  'Hie  National  Academy  of  Sciences  (NAS)  Climatic  Impact  Committee 
(CIQ  also  completed  their  study  in  1975  (ref.  3),  ix'lylng  heavil,\'  on  the  CTAP  results. 
The  CIC  study  recommended  10-  to  20- fold  NO  reductions,  'i'he  fii'st  number  in  each 
range  reflects  what  was  felt  to  be  achievable  within  a decade.  Defining  (juantltativc  val- 
ues for  tolerable  cruise  NO^  omissions  is  extremely  difficult  because  baseline  atmo- 
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sphcric'  (lata  related  to  the  iwtential  aircraft  impact  arc  lacking.  I’he  need  for  these 
data  was  responsible  for  the  initiation  of  CIA1>  and  later  t:ASi>  and  otlier  relatetl  efforts. 

'lliis  paper  summarizes  the  status  of  emission  reduction  technological  developments 
both  for  the  local  (aliport)  problem,  which  is  directly  related  to  the  15170  KI’A  st:md- 
anls.  and  for  the  pi-ojectcd  higlv- altitude  problem.  I^rogress  in  the  Global  Air  Sampling 
Program's  (tJASP)  measurement  of  upper  atmospheric  constituents  is  also  reviewed. 

Although  values  aro  given  in  both  SI  and  l^S.  customary  units.  Uie  measurements 
and  calculations  were  made  in  U.S.  customaiy  units. 

AIRCRAFT  ENGINT':  EMISSION  REDl’CTION 

Tlie  level  of  undesirable  emissions  from  aircraft  engines  varies  with  engine  oper- 
ating characteristics,  as  illustrated  in  figure  1.  Concentrations  of  CO  and  TUC . ex- 
pressed as  grams  of  pollutant  per  kilogram  of  fuel  bunied.  are  the  highest  at  the  low- 
power  (idle)  condition.  However,  concentrations  of  NO^  (as  well  as  smoke)  are  gener- 
ally the  highest  at  the  high-powcr  (takeoff)  condition.  Rcduchig  these  emissions  at  the 
discrete  operating  conditions  as  well  as  other  intermediate  conditions  requires  an  un- 
derstanding of  the  causes  and  effects  in  the  combustion  process,  shown  in  figure  2. 

The  low'  values  of  inlet  temperature,  Inlet  pressure,  and  fuel/alr  ratio  at  low'  pow'cr 
(idle)  produce  quenching  of  reactions,  poor  combustion  stability,  tmd  jjoor  fuel  atomi- 
zation and  distribution.  The  resultant  combustion  inefficiency  is  manifested  as  carbon 
monoxide  and  unburned  hydrocarbon  emissions.  Conversely,  tlie  high  values  of  inlet 
temperature,  inlet  pressure,  and  fuel/air  ratio  that  occur  at  high  pow'er  (takeoff)  cause 
excessive  I'esidence  time,  high  flame  temperature,  and  poor  local  fuel  distribution. 

The  result  can  be  as  high  NO  and  smoke  emissions. 

A 

If  we  evaluate  the  corrective  approaches  needed  to  reduce  emissions,  we  can  see 
that  somew'hat  of  a dilemma  exists.  For  reducing  CO  and  TIIC,  the  approaches  (dictated 
by  the  chemical  khietics)  are  to  bum  stoichiometric  mixtures  to  increase  combustion 
temperatui'e  and  to  m.iximizc  residence  time.  For  retluclng  NO^^.  the  approaches  are 
to  bum  lean  mixtures  mid  to  minimize  residence  time.  Improving  fuel  atomization  and 
distribution  (eliminating  zones  where  the  fuel/air  ratio  is  not  optimum)  is  helpful  in 
reducing  all  emissions.  Thus,  to  effectively  reduce  emissions  and  optimize  the  com- 
bustion process  simultaneously  over  the  entire  operating  range,  some  form  of  staging 
or  modulation  of  the  fuel/air  ratio  and  residence  time  will  i)c  needeil.  J o reduce  emis- 
sions at  only  one  condition,  such  as  CO  and  'PIIC  at  low  power,  staging  or  modulation 
may  not  be  necessary. 

In  discussing  the  approaehe.s  that  are  being  evaluati'd  to  c'ontrol  iiircralt  emissions, 
we  will  consider  the  two  Right  regions  of  prineipal  eoneern.  loc  al  and  upper  almo- 
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sphere,  and  describe  the  activities  find  proRrcss  fissociatt'd  with  emission  reduction  In 
that  region. 


'I'he  I.ocfil  Pit)l)lem 


The  local  problem,  In  terms  of  airertift  emissions,  is  desei  ibed  In  the  pi-omulgated 
EPA  standards  (ref.  1)  and  is  specifically  associated  witli  tlic  pollutfints  emitted  during 
a prescribed  landing-takeoff  (LTO)  cycle,  as  shown  in  figure  ?>.  The  LTO  cycle  is  di- 
vided into  four  discrete  modes  of  operation:  (1)  taxi/idle  (in  and  out),  (2)  tfikeoff. 

(3)  climbout,  and  (4)  approach,  and  is  limited  to  flight  opcnition  below  Ul4  meters 
(3000  ft).  The  vaiylng  time  segments  associated  with  the  operating  modes  were  e.stal>- 
lishcd  as  average  values  juid  could  vary  fixmi  fiirport  to  airport  :is  well  as  witli  traffic 
conditions.  The  EPA  used  this  cycle  to  arrive  at  fUi  i:i‘A  panimcter  <i:i’AI’i  for  estfili- 
blishlng  stfuidards  for  (!'<•  various  undesirable  emissions.  The  F!».\P  is  computed  from 
either  of  the  following  definitions,  depending  on  the  type  of  engines  being  considered. 
EPAp  = Pounds  of  pollutant  per  1000  thrust  (in  lbf)-hours  per  cycle 
EPAP  = Pounds  of  pollutant  per  1000  sliaft  horsepower-hours  per  cu  le 
'l*hus.  an  integratt*d  value  for  each  pollutmit  over  the  prescribed  I.'l'( » c\elc  is  used  in 
the  standards.  Based  on  considerations  of  the  time  in  mode  (fig.  ■').  the  engine  emi.s- 
sion  characteristics  (fig.  1).  and  the  fuel  consumed  in  cjicli  mode’,  the  most  ctfet'tive 
means  of  reducing  CO  and  d’llC  Kl’AP  values  would  he  to  reiiuce  the  emissions  at  taxi/ 
idle.  Convei-sely.  retlucing  NO^  at  l;iki*off  mid  climl.ioul  is  most  effective.  Controlling 
all  emissions  at  approach  is  ecjually  important 

To  evalute  the  potential  of  :idvaneed  technology  to  control  emissions  over  tlie  l.'I'o 
cycle  to  the  levels  rc<iuired  by  Uic  stmidards.  NASA  has  implcmenteil  an  emission  rt'- 
duction  technology’  program,  'i'he  ol))ective  is  to  reduce  aircratt  engine  emissions  to 
levels  consistent  with  the  rcciulrements  of  tlie  Kl’.\  standards.  1'hc  approach  consists 
of  a scries  of  multlphased  contracts  cowring  five  contem|joran  engines  that  fall  within 
four  of  the  specifleil  EI'A  engine  classes:  I'he  (larrett-.M Hesearch  I 1 KT.'l-i  engine,  in 

class  T1  (turbofmi  imder  35  5s4-X  (SOUO-lbf)  thrusti:  tlie  C.eneral  Fleet rii-  ( F(i-.5n  engine 
and  the  Pratt  & Wliitncy  .lTyD-7  engine,  in  class  T2  ituiTolan  ov»-r  35  .5s  UN  (.sutiu-lbfi 
thrust);  the  I’ratt  & Wliitney  ITS D engine,  in  el;iss  I'l.  and  the  Detroit  Ihesel  Alli.son 
501-D22A  engine,  in  class  P2  (turboprop  engines),  in  gener;il.  tlie  contracts  are  struc- 
tured to  have  three  pha.st*.s;  (It  a first  phase  during  which  a number  ol  adianecd  con- 
cepts are  evaluated  for  emission  c-ontrol  capal)ilit\  and  overall  perlonuancc.  ci)  :i  sec- 
ond phasi'  during  wiiich  the  most  promising  concepts  are  rclined  ;tnd  evaluated  in  teim.'- 
of  engine  compatibility . and  i3ii  a thii’d  phase  during  which  one  s(>|(M'ted  coiiei'pt  is 
tested  in  an  engine  to  demonstrate  emission  :md  ovciall  pet  lonuaiice  » li.i  i :u  leristic- 
The  T4  and  l’2  efforts  were  terminated  at  the  completion  ol  the  liist  Plcei'.  I!ie  I ) 
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effort  Is  currently  In  the  second  phase  and  the  'I’2  env»rts  are  in  the  third  phase, 

A wide  variety  of  low-emission  eoneepts  were  evaluated  diiiinr,  (he  < (Hirse  of  these 
contracts.  Concepts  ran{>tn}':  from  minor  modiflcatinns  of  (he  < >;(.:( inr.  entitle  comlHi:-.- 
tors  to  major  changes  such  as  stage<l  combustion  wer<'  eon.shlcred  \i,  < xample  of  a 
minor  modification  is  .shown  In  figure  I.  'Ilic  rever.sc-now  concept  shown  i.s  applicable 
to  the  Detroit  Diesel  Allison  501-D22A  engine.  One  part  of  the  modification  consisted 
of  redirecting  the  liner  cooling  air  in  the  primar\-  /one  upsti'cam  ;ind  lienee  recycling 
the  CO  and  THC  fermod  by  quenching  b.ack  into  the  hot  eombustUm  /one.  In  addition, 
the  conventional  fuel  nozzle  was  replaced  with  a more  efficient  ;dr-blast  nozzle,  niese 
changes,  which  reduced  the  undesirable  quenching  effects  and  improved  fuel-air  distri- 
bution and  atomization  proved  to  be  very  effective  for  controlling  CO  ami  TIIC'  at  low 
power.  No  reduction  in  NO^  was  obtained  or  juiticipated.  .Since  (’()  ami  TIIC  emissions 
were  the  major  problem  for  this  engine,  this  minor  modific  ailon  was  all  that  w.as  needed 
to  meet  the  standards.  ALso,  since  this  is  a relatively  simple  modification  that  should 
not  be  difficult  to  adapt  to  the  engine,  the  contract  effort  w as  not  c.xtended  into  the 
demonstration  phases.  Complete  results  of  the  contratd  effort  are  given  in  reference  *4. 

The  more  comple.x  combustion  concepts  necdc<l  to  simultaneously  control  all  emis- 
sions are  illustrated  in  figure  Figure  .'5(a)  compares  a doubUv. annul :tr  staged  concept 
(ref.  5)  with  the  conventional  combustor  of  the  ('toneral  Flectric  t’F(>-.'5U  engine.  This 
concept  employs  parallel  staging  where  one  stage  (the  pilot  stage)  is  used  at  idle  :md  is 
optimized  to  control  CO  and  'I’lIC  emissions  .-md  llie  second  stage  (the  main  stage)  Is 
used  for  full  power  and  is  optimized  to  control  N()^  emissions.  B\  \arylng  the  fuel 
split  to  the  two  stages,  various  degrees  of  control  are  possilde.  A staged  concept  that 
is  adaptable  to  the  Pratt  & Wliitney  «J  ryi)~7.‘\  (rrt.  (!)  is  compare<l  with  the  ("onventional 
combustor  in  figure  5(b).  The  fiuietion  of  the  two  stages  is  the  same  as  for  the  C'F(»-.50 


engine,  but  they  are  arranged  In  series  rather  tiuui  pjoallel.  Doth  designs  eniplov  im- 
proved fuel  atomization  and  fuel-air  distribution  in  both  the  pilol  and  main  stages  juid 
lean  combustion  juid  residence- time  rontrol  in  (he  main  stages.  Moth  concepts  are  eur 
rcntly  undergoing  engine  demonstndion  tests  that  are  scheduled  for  completion  l)\  the 


end  of  197G  or  early  1977. 

The  rig  test  results  of  the  advanced  eoneepts  shown  in  figures  i j(nd  .I  as  well  as 
the  most  successful  eoneepts  tested  in  the  11  and  Tl  efforts  (refs,  7 and  S)  are  com- 
pared W'ith  the  corre.spondlng  conventional  combustor  emissions  and  (he  I9T!»  i;p.\  sland- 
aixls  in  table  1.  All  values  shown  are  i;i’.\  parameter  (I  PAPi  values.  ,\11  of  du-  ad- 
vanced concepts  were  able  to  meet  (he  KPA  standards  for  TIIC  and  smoke.  Ilu-  Cl  (;-.50 
and  501-D22A  concepts  were  able  to  mc>et  the  C( ) st.andards.  The  other  three  concepts 
reduced  CO  but  still  did  not  meet  the  standards.  I'urtlu c refinement  of  (he  ■lTK7.'’l-2 
concept  can  probablv  pr<*duce  further  red((ctions  in  ('( ».  (»nl\  (wt*  of  the  fi\e  concepts 
were  capable  of  reducing  the  NO^  emissions  to  (he  standard  b vel:  llowe\e( . it  is 
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slRTilflcant  that  ubslanllal  NO^  nuluctionH  were  obtained  wltli  all  the  eon<*epls  except 
the  501-D22A  eoneept,  which  did  not  require  a reduction  to  meet  the  standards, 

'I’hese  results  indicate  that  the  CO  and  KPA  standarcis  will  pi'obably  not  be 
achieved  for  any  engine  evaluated  using  the  technology  evolved  In  the  NASA/industry 
program  conducted  to  date.  However,  substantial  reductions  In  all  emissions  are 
achievable  and  would  certainly  lead  to  beneficial  reductions  Ir  local  aircraft  emissions 
If  they  are  employed  in  future  engines. 

Many  aspects  of  local  emission  reduction  capability  must  still  be  evaluated.  'Hie 
Impact  of  the  real  engine  environment  on  emissions  must  and  will  be  considered  in 
actual  full-scale  engine  tests.  Constraints  resulting  from  operational  considerations, 
engine- to- engine  variations,  safety  imd  maintenance  considerations,  andoverall  per- 
formance must  all  be  evaluated  beforo  absolute  achievable  levels  can  be  qujmtlfied. 

'rile  I'ppcr- Atmosphere  Problem 

In  the  case  of  high- altitude  emissions,  the  primary  conceni  is  the  emissions  of 
cruising  aircraft  (1x>th  subsonic  tmd  supei’sonic) . Most  of  the  studies  conducted  and 
sponsored  by  NASA  to  date  have  been  aimed  at  determining  the  minimum  practical  level 
of  emissions  that  can  be  obtained  for  future  aircraft  engines.  In  this  regard,  many 
fundamental  studies  have  been  conducted.  A display  of  typical  results  is  shown  in  fig- 
ure 6.  This  plot  illustrates  the  Interdependency  between  emission  index,  etjuiva- 
lence  ratio,  combustion  efficiency,  imd  residence  time  obtained  in  a prcvaporizcii- 
premlxed  combustion  experiment.  K.xtrcmely  low  levels  of  N()^  emissions  t~U.5  g/kg) 
were  obtained  at  acceptable  Icv'els  of  combustion  efficiency  for  simulatcni  cruise  oper- 
ating conditions.  However.  It  must  be  clearl\'  understood  that  these  results  were  ob- 
tained in  a verj'  cai’efully  controlled  fundamental  experinu'nt  and  are  not  necessarilv 
representative  of  the  levels  that  may  be  achieved  by  a prevaporized-premlxed  combus- 
tion system  In  an  actual  engine  environment,  'i'hcy  wi're.  liowcvcr.  oblaine<l  at  inlet 
temperatures  and  pressures  that  simulated  the  type  of  conditions  ex|.'ectc<l  in  supersonic 
engines  and,  therefore,  do  provide  an  Indication  of  the  minimum  cmissi»)ns  possibU 
at  these  conditions,  llie  NC)^  levels  achieved  (0.5  g''kgi  represent  a lu-fold  reduction 
from  current  aircricft  croise  values  jind  fall  within  the  ivcommc'ndcd  levels  of  the  c*li- 
matic  Impact  studies  (CTAP  and  CIC). 

Based  on  the  results  obtained  from  the  fundamental  c.xpcrimcnls  :md  several  of  (Itc 
advtmced  technology  combustors  from  the  clean  l ombustor  program  described  |»rc- 
vlously,  estimates  were  made  with  regard  to  |X)tential  ciaiisc  N<  emission  reductions. 
The  clean- combustor  technology  could  reduce  cruise  emissions  l»y  about  .a  lac  tor  of 
two  for  im  engine  having  a 50:1  prc'ssurt*  ratio  In  an  aircraft  cruising  at  11. " kilotneters 
(35  000  ft)  and  Mach  0.85.  Achieving  the  levels  rccommende«i  bv  the  climatic  impact 
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studios,  a «-  to  10-fold  (or  greater)  reduction,  will  require  the  use  of  prevaporlr.od- 
premlxcd  combustion. 

To  determine  the  applicability  of  prevaporized-premixed  combustion  to  advanced 
combustors,  NASA  has  begun  a Stratospheric  Cruise  Emission  Reduction  Program 
(SC  ERP).  This  program  will  consist  of  in-house,  contract,  and  university  grant  efforts 
and  will  use  a multiphase  approach.  Although  the  program  Is  directed  toward  reducing 
the  cruise  of  subsonic  aircraft  by  a minimum  of  6-  to  10-fold,  the  Information  ob- 
tained during  the  fundamental  studies  undertaken  In  the  first  phase  (phase  1)  will  also  be 
applicable  to  supersonic  aircraft  engine  combustors.  During  phase  1,  fundamental  in- 
formation regarding  lean  combustton  stabUity,  autolgnltlon  and  flashback,  fuel  prepara- 
tion, and  engine- related  constraints  wUl  be  obtained.  This  information  wUl  then  form 
the  basis  for  developing  promising  conceptual  designs  to  be  evaluated  In  the  following 
ttiree  program  phases  (phases  2 to  4),  which  are  essentially  identical  to  the  three  phases 
of  the  NASA/ Industry  programs  currently  underway  to  evaluate  advanced  concepts  for 
the  local  emission  problem.  Since  the  goal  of  this  program  is  to  meet  EPA-established 
LTO  cycle  emission  standards  as  well  as  to  reduce  cruise  NO^^,  it  is  likely  that  some 
form  of  staged  combustion  or  variable  geometry  wUl  be  required.  If  a successful  con- 
cept is  evolved,  the  program  is  structured  to  provide  a full-scale  engine  demonstration 
during  the  early  1980's. 

MEASUREMENT  OF  UPPER-ATMOSPHERE  CONSTITUENTS 

The  objectives  of  the  NASA  Global  Atmospheric  Sampling  Program  (GASP)  are  to 
provide  baseline  data  for  selected  atmospheric  constituents  in  the  upper  troposphere  and 
lower  stratosphere  over  a 5-  to  10-year  period  and  to  analyze  these  data  to  assess  po- 
tentlally  adverse  effects  between  aircraft  exhaust  emissions  and  the  natural  atmosphero. 

The  approach  chosen  was  to  install  automated  sampling  systems  on  Boeing- 747  air- 
craft flying  the  commercial  aii> routes  (ref.  9).  The  system  installation  Is  shown  In 
figure  7.  In  situ  monitoring  Instruments  and  the  associated  gas-handling  system  are 
Installed  in  the  nose  section  of  the  B-747  below  the  first-class  passenger  compartment. 
Four  B-747  Installations  and  an  NASA  CV-990  aircraft  installation  have  been  completed 
and  the  aircraft  are  in  routine  service.  Two  of  the  B-747  aircraft  installations  pre- 
sently  Include  single- filter  samplers.  The  routes  for  the  aircraft  are  showm  in  figure  8. 
United  Airlines  flies  the  routes  over  the  continental  U S.  and  to  Hawaii.  Pan  American 
World  Airways  flies  around- the- world  routes  from  the  U.S.  in  the  Northern  Hemi- 
sphere, transpacific  routes  to  the  Far  East,  Intercontinental  routes  to  Central  and 
South  America,  and  occasionally  transpacific  routes  to  Australia.  A Pam  Am  B-747  SP 
flies  long-range,  great-clrcle  routes  from  New  Yoik  and  the  west  coast  to  Tokyo  at  al- 
titudes up  to  13. 7 kilometers  (45  000  ft).  Coverage  in  the  Southern  Hemisphere  is  pixj- 
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vided  l»>  (^!Uil!iH  .\iivvit\s  <<l  on  l Ansi  riiliiin  und  tin  IliHlUH  fiom 

Austr.dl.'i  <o  (ln>  Sonlli  I'iit  ilio.  lo  <lif  I S,  wi'j.l  ro:i;.(.  nnd  to  litiropc.  Tlu*  duHhfd  line 
in  I’i'turi'H  sltow  )tn  Hie, lit  surveys  sclwdnled  foi October- 

Novi^luliC'i’  1 iUhI  UiutIi 

Datii  lU'iiuisllioii  licnins  on  ;isfcnt  Hir«iu|',l'  <* -Kllomrlcr  (2t)  O(tU-lt)  alllUidc  and  tcrml- 
niu^s  on  dc.srcnt  lliioui;li  <>  l.ilomclcrs.  (’.ASP  tlntn  arc  taken  during  a tti-Hei*ond  reeord- 
Inn  period  at  intervals  ul  .'"i  ininiilt  s,  l•ollo\\inK  data  reiliietion  and  verification,  the  final 
data  tapes  are  archived  ami  are  available  to  users  at  tin  National  ('liniatlc  Center  (NCC) 
at  Asheville.  North  Carolina.  Hie  |iarameters  nieasnu d on  tin'  (’-.ASP  systems.  aloiiR 
with  subsidlarv  Inlonnation  ailded  to  the  archival  t!i|>es.  aie  as  follows. 

(1)  Data-polnl  iilenliiieation  aiieratt  idenlHie  iHon.  d ite  anil  time;  and  position 

iiml  altltinle 

(2)  other  flight  tiata:  v.  iml  sped  and  tlireetion;  static  air  temperalnre;  and  .dr— 

craft  spi-ed.  I'.eadinR.  ami  aeei  leration 

(I'i  Constituent  data;  o/one.  vvate*  v.ipor.  and  pa  it  lide  eoiu’ent  ration;  filter  sample 
composition  »SOj  . \n„  . cr».  ,ind  .inalvsis  of  whole  Ras  samples  for  CKCljj 
(Future  data  will  inelutl.  O >.  No^.  and  condensation  nuclei  (CN)  and  will  e.x- 
pand  the  whole  •i'.a''-  siti>ple  alialv  to  ineludi*  I 1,,(  1,,.  ( t l|.  *md  N2tk) 

(4)  Subsidiary  d.ata:  tropopansi*  pres:  lire  arrays  from  National  M?teorological 
Center  (NMC)  obiective  :inalysis. 

Constituent  ilaia  .ivailable  on  the  ( ASP  arehiv:d  ttiijes  throiiRli  ealendur  li»75  have 
been  limited  to  o/.one  and  walt  i vapor,  .'^onie  liltei'  imalvsis  data  and  imalysis  of  whole 
gas  samples  for  Cl  Cl.,  will  ippciron  .iiIimmuciiI  tapes  lollowing  resolution  ot  earlier 
problems  with  the  analytical  proce«lnri>  and  lire  ele  ining  and  preparation  ol  tillers  tmd 
sample  bottles,  t neertainlies  in  ealibialing  the  partieb-  i tnuiler  have  precluded  the  in- 
clusion of  pai  tiele  eonceni  i ation  d da  in  liie  arehives  lo  date.  New  instruments  lo  mea- 
sure C<>.  eondensation  nuclei,  and  A :in  in  the  pimess  ol  eertitiealion  testing  and  in- 
stallation on  llie  ti.VSP  aircedt. 

Some  ( vaiiiple'^  ol  o,one  d.it  i ;m.l  the  ell(  el  ot  almosphi  rie  transport  on  o/one  pro- 
files an  sliown  in  lignri  "^  :ind  |u.  I it'.uie  t'liel,  IUi  yives  the  o/one  ndxing  ratio  as  a 
function  of  latitude  toi  -e\i  I :d  ari.end  the  w'l  ld  ~ .luiiiu'  March  IhTii  and  includes 

nights  in  both  the  troposplicn  tiid  the  ti.ito  pin  m'  Hie  dat;i  ^luiw  a large  scatter  in 
o/one  ini.xiin.  ratio  wtiieh  i-^  Ivpt.  al  .4  tin  pi  ing  ma.xiimim  I or  comparison.  North 
.American.  .Maieh.  mean  o 'one  di  1 1 it'ation  ai  in.  a and  I :F  .A  l ilomcters  (:i2  sno  and 
41  otto  ft)  arc  also  shown  in  tiuiiic  !i  the  c . iiivc-^  v.cic  calculated  Iroin  tabulations  ol 

moleeubir  eotieeid ration  given  in  iclciciu'  II. 

As  an  ilins)  ralion  ol  o/oiu  v:iii.ilion  v.ith  m ■ pc.  t ic  llnloi.il  tropopau.se  as  defined 
bv  tile  NMC  objecliv e .in.ilv  - i pi  ..  > ■ la  n . .>!h  in . u n . data  1 1 oni  sev  eral  a lound- 

the-world  nights  dm  iui;  '.iml.  1'.'.  • am  phan  . .i  riaiaa,  Ih.  al  t .tiale  pressu  re  in- 
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civnu-nt  abovo  suid  below  the  tiopopauae  In  figure  10.  The  clata  have  been  .•sep;ir;ife»l 
aeeordinK  to  the  local  wind  vector  curvature  (ret.  12»  as  deternitned  troni  alia  rati- 
.sy.stem  meaHurementa  ot  wind  direction  and  velocity.  I'he  dltlerencc.'^.  in  lenns  ot 
o/.one  mi.xinj*  ratio  Hcallcr  below  the  tropopau.se  :uid  o/onc  M;i'adlenl  below  ami  .ibove  the 
lro|M>pause.  are  .strii\inK  when  the  data  tor  cyelonlc  anil  iuiticyclonie  wind  curvature  in  i> 
compared.  1’hc  o/,onc  distrlliutlon  for  imtieyclonic  .streamline  curvature  din.  KMan 
show.s  the  e.xpeeted  steep  gradient  smd  Increase  of  o/.one  in  the  siratospheri*.  The  cy- 
clonic streraallne  curvature  (fig.  10(bo  indicates  a less-steep  gradient  and  high  ozone 
levels  below  the  NIMt'-dellned  Iropopause.  The  data  illustrate  the  greater  tendency  for 
more  intense  stratosphcrie-tro|K)sphcrlc  e.xelnuige  assoc  iitted  with  evelonie  curvature  of 
tlie  wind  fields . 

The  8 ingle*- filler  samplers  cunvnlly  insUdlcd  on  two  of  the  B-7I7  aircraft  have 
limited  capability  for  pi-oviuing  baseline  composition  data  since  the  filter  e:m  only  be 
changed  dui*ing  routine  servicing  of  the  (lASP  systems,  which  occurs  on  the  average  of 
once  every  2 weeks.  'I’hese  single  fillers  will  be  replaced  shortly  with  iui  eight-filter 
magazine.  To  date,  because  of  limited  e.x|)08ure  imd  earlier  pixiblems  with  analytical 
and  filter  washing  procedures,  limited  composition  data  are  available  from  the  B-7  I7’s. 
However  throe  filter- sampling  tlight  series  originating  from  I'leveland  and  from  llollo- 
mmi  Air  Force  Base  in  New  Mexico  have  been  llown  during  the  past  \ear  with  the  .\.\S.\ 
Lewis  F-IOG  aircraft  using  identical  filter  samplers.  Data  on  sulfate  :uid  nitrate  con- 
centrations from  the  F-10(i  flights  are  plotted  as  a function  of  pressure  altitude  differ- 
ence above  or  below  the  local  tropopause  in  figure  11.  .\lthougii  there  is  considerable 
variation,  the  concentrations  are  low  and  are  consistent  with  othei-  aircraft  sampling 
flights  (refs.  l.‘>  ;uiil  lb.  Although  Uie  data  illustrated  represent  only  a veiy  limited 
sample,  a steep  grailient  ;ind  a peak  are  inihi*ated  above  the  local  tropopause.  with  con- 
siderably lower  levels  in  the  tro|K>spherc.  Sullate  ani!  nitrate  are  believed  to  originate 
from  the  sulfuric  acid  ae»*o.sol  layer  in  the  stratosphere  :uid  from  absorption  of  nitric 
aciil  va|x)r  on  the  IPt’  (cellulosct  filter  material. 

CON Cl.l  DINT : KKMAHKS 

N.X.'tA  is  conducting  programs  to  eviduate  advanced  emission  (vductlon  technl<|Ues 
for  five  e.xistlng  aircraft  gas  turijine  engines.  .Mthough  these  programs  are  hi  various 
stages  of  completion,  the  results  suggest  that  signlfic;uit  reductions  in  all  pollutant 
emissions  (carbon  monoxide  tCO».  total  hyd roca liions  (TllCi.  oxides  of  nit (*ogen  <N<y. 
and  smoke)  eiui  be  achieved.  Progress  has  been  madi*  to  varying  degrees  towaiil  meet- 
ing the  liJ7!l  FP.'\  stmid.irds  in  rig  tests  of  combustors  for  the  five  i*ngines. 

Selective  reductions  In  certain  emission  levels  (e.g. . (’( ) ;uid  TIIO  cjui  be  achieved 
by  relatively  minor  to  moderate  modifications  to  cun  cut  engine  baseline  combustors. 
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Bocauac  of  tho  inherent  total  emiaalon  eontix>l  capability  of  staKccI  eombuHtor  concepts, 
tlielr  continued  development  tor  application  to  future  newly  manufactured  cnKinta  seems 
highly  desirable.  The  added  complexity  Involved  in  the  staged  concepts,  however,  will 
likely  rc<|uire  continued  development  beyond  the  scope  of  the  curr<!nt  programs.  Proof- 
of-concept  tests  in  full-scale  engbies  are  still  needed  to  quantify  tlie  success  of  the  ad- 
vanced concepts  in  terms  of  Uieir  absolute  level  of  omission  reduction  and  to  demon- 
strate the  cupabllily  to  successfully  satisfy  all  the  engine  requirements. 

Results  of  functamentul  c*ombustlon  studies  suggest  the  possibility  of  a new  genera- 
tion of  jet  aircraft  engine  combustor  teclmology  that  would  provide  cmlsbion  levels  far 
below  those  currently  possible  with  tlie  advanced  technology  concepts  dt-monstrated  in 
the  engine- related  programs.  Considerable  fundamental  research  is  still  needed,  how- 
ever, before  tlie  techniques  being  studied  can  be  translated  into  useful  combustors. 
Successful  development  of  these  techniques  Into  operatiomU  engine  combustors  would 
provide  the  level  of  reductions  desired  for  both  local  air  quality  tuid  for  minimizing 
effects  on  the  ozone  layer  dui'ing  high- altitude- cruise.  The  objective  of  the  recently 
begun  NASA  Stratospheric  Cruise  Emission  Reduction  Program  (SCERP)  is  to  evaluate 
the  potential  of  these  techniques  to  evolve  combustors  for  future  aircraft  gas  turbine 
engines. 

The  Global  Air  Sampling  Program  is  now  in  full  operation.  Data  taken  during  the 
past  2 years  on  ozone  have  shown  Its  extreme  variability  but  are  also  providing  some 
valuable  insight  Into  stratospheric-tropospheric  exchange  processes.  The  measurement 
of  NO  and  CO,  which  may  be  directly  related  to  engine  emissions,  has  not  yet  been  im- 
plemented but  will  begin  shortly.  The  accumulation  of  an  adequate  data  base  for  these 
constituents  may  take  several  years  before  GASP  can  contribute  to  an  assessment  of 
the  potential  impact  of  jet  engine  croise  operations  on  the  upin^r  atmosphere. 
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Figure  1.-  Typical  engine  exhaust  emisFion  characteristics. 
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STATUS  OF  RESEARCH  INTO  MGHTNING  EFFECTS  ON  AIRCUAE'I' 

J.  A.  Plumcr 
General  PUcctrlc*  Company 

SUMMARY 

Developments  in  aircraft  lightning  protection  since  1938  arc  briefly  noted.  Poten- 
tial liip^tning  problems  resulting  from  present  trends  towaixl  the  use  of  electronic  con- 
trols and  composite  structures  are  discussed,  along  with  presently  available  lightning 
test  procedures  for  problem  assessment.  The  validity  of  some  procedures  is  being 
questioned  because  of  pessimistic  results  and  design  implications.  An  in-flight  meas- 
urement program  is  needed  to  provide  statistics  on  lightning  severity  at  flight  altitudes 
and  to  enable  more  realistic  tests,  and  operators  are  urged  to  supply  researchers  with 
more  details  on  electronic  components  damaged  by  lightning  strikes.  A need  for  review 
of  certain  aspects  of  fuel  system  vulnerability  is  indicated  by  several  recent  accidents, 
and  specific  areas  for  examination  are  identified.  New  educational  materials  and  stan- 
dardization activities  are  also  noted. 

INTRODUCTION 

The  widespread  concern  about  the  effects  of  lightning  on  transport  aircraft  was  per- 
haps first  evidenced  by  the  formation  in  1938  of  the  subcommittee  on  lightning  hazards 
to  aircraft  of  the  National  Advisoiy  Committee  for  Aeronautics  (NACA).  'llils  com- 
mittee numbered  among  its  members  some  of  the  most  prominent  flight  safeU  , weather, 
and  lightning  experts  of  the  day.  Among  the  latter  was  Dr.  Karl  H.  McEachron.  then 
director  of  research  at  the  General  Electric  Iligji  X’oltage  l.aboratory.  who  pei'formed 
for  the  committee  the  first  man-made  lightning  tests  on  aircraft  parts  juid  structures. 
During  the  later  part  of  this  committee’s  12-year  existence  other  org:mizatlons  such  as 
the  U.S.  National  Bureau  of  Standards,  the  University  of  Minnesota,  and  the  l.ightning 
and  Transients  Research  Institute  (LTKl)  also  begain  to  conduct  resea ri-h  into  lightning 
effects  on  aii'craft.  Much  of  this  research  was  sponsored  by  the  .N.\C.\  .and  its  suei'cs- 
sor  the  National  Aeronautics  tmd  Space  Administration  (N.\S.\).  along  with  llu-  l-Vdeial 
Aviation  Administration,  the  U.S.  .Mr  Force  and  Navy,  iuid  airer.dt  manufaetureis  ;uui 
operatoi’s. 

For  a long  time  the  physical  damage  at  the  point  of  flash  attachment  to  the  aircraft 
was  of  primaiy  concern.  Typical  of  the  damage  were  holes  l)umed  in  inetalli*’  .si. ins. 
puncture  or  splintering  of  nonmetallie  structures,  luid  welding  or  txnighening  of  movable 


337 


I 


I 


hinges  and  bearings.  'iTie  ignition  of  the  fuel  wan  of  partieular  eoneern,  as  was  the 
pwblcm  of  conduction  of  lightning  (-urrent  (iii  i*etly  insi«le  the  aireraft  via  long-wire  an- 
tennas. A consideralile  amount  of  rcse.areh  was  .also  dlrta-led  toward  its  effects  on  peo- 
ple, such  as  flash  blindness  .and  electric  shock. 

The  early  rescareh  led  to  the  development  oi  protective  devi<*es,  bicluding  fuel 
filler  caps,  which  will  not  spark  when  struck  by  lightning:  lightning  arresters,  which 
safely  conduct  lightning  currents  £ix»m  antennas  to  the  airframe;  div<‘rtcr  bars  and 
tapes,  which  minimize  punctures  of  radomes;  and  static  dischargers,  which  reduce 
electromagnetic  interference  in  communications  systems. 

In  1963  the  fuel  tanks  of  a Pan  Amcriemi  Boeing  707  aireraft  exploded  in-flight  near 
Elkton,  Maryland,  after  a lightning  strike.  The  exact  source  of  the  ignition  has  never 
been  established,  but  the  explosion  stimulated  further  research  Into  the  effects  of  light- 
ning on  fuel  systems  and  fuel  tank  inerting  systems.  'Ihis  research  has  been  instrumen- 
tal in  the  developmtmt  of  active  surge  tank  protection  (STP)  systems  for  extinguishing 
flames  Ignited  at  vent  outtets.  The  incorporation  of  much  of  this  pi-otcctlon  technology' 
into  the  design  of  modem  transport  aircnvft  is  a principal  reason  for  their  present  ex- 
cellent safety  recoixi  in  the  lightning  envli-onment. 

The  lightning- safety  record  is  not  quite  as  good  for  U.S.  military  aircraft,  several 
of  which  have  been  lost  in  recent  ycam  duo  to  liglibihig  strikes.  Tlic  military  have  been 
a traditional  proving  ground  for  new  technology,  ;mtl  there  atv  several  concepts  reach- 
ing the  application  stage  which  may  increase  potential  lightning  hazards  still  fui'ther. 
Fortunately,  most  of  these  possibilities  ha\c  been  recognized  and  efforts  are  underway 
to  develop  effective  protection.  Since  some  of  this  new  tecluiology  will  eventually  be 
used  in  commerci.al  aircraft,  it  is  appropriate  to  review  recent  developments  imd  iden- 
tify the  directions  in  which  aircraft-lightning  research  should  proceed  in  the  future. 


SYMBOLS 

C capacitance  of  aircraft  or  lightning  Bash  to  its  surroundings.  iVm 

Cj^  induced  voltage  between  wi  res . \’ 

e.,  induced  voltage  between  wire  and  airframe.  \’ 

f frccjuency  of  traveling  wave  refleidlons  at  either  end  ol  aireralt.  11/ 

U lightning  stroke  current,  A 

1.1 

L inductance  of  the  lightning  current  How  path  in  aircraft.  II  in 

( aircraft  length,  m 

R radius  of  electrostatic  field,  m 
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)i.  rcvsint^im  e of  an  alrf t ames  i 

M 

V radluB  oi  lighting cluinnfl,  in 

T time*  for  a Iravollng  wave  to  travel  the  alreraft  length  anti  baek,  b 
t lime,  B 

V velocity  of  traveling  wave  propagation,  m/a 

y>  Hurge  Impedance,  12 

v'j  Internal  magnelie  lliix  prudueed  by  lightning  eiiri’enl.  A/m 

c-'y  exlemal  magjietle  flux  pixxluctal  by  lightning  euri’ent.  A/ni 


i 
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KLKCTIUCAL  AND  KDKC'THONICS  SYSTKMH 


In  I'eccnt  years  it  has  become  apparent  that  lightning  strikes  may  Indirectly  affect 
electronic  et|uipment  located  elsewhere  la  the  alreraft  from  the  |)olnt  of  lightning  attach- 
ment. Examples  of  this  are  the  hilerfin’cnce  or  damage  to  instruments  and  power  dis- 
tribution systems  summarized  from  a sampling  of  214  airline  lightning  strike  reports  in 
table  I.  Another  example  which  caused  more  alarm  among  safet\  experts  was  the  light- 
ning strike  to  the  Apollo  12  vehicle*  which  disrupted  the  command  modide  power  system 
after  lift-off. 

The  cause  of  these  indirect  effects  was  thought  to  be  the  electromagnetic  fields 
associated  with  ligjitning  currents  flowing  through  the  aircraft.  Hescarch  (ref.  1)  begmi 
in  1967  to  determine  the  coupling  mechanisms  involved  and  the  potenti.al  impact  that 
these  indirect  effects  might  have  on  equipment  operation  and  flight  safety.  Briefly,  it 
has  been  confirmed  that,  when  lightning  currents  flow  through  mi  aircnift.  magnetic 
fields  are  produced  and  structural  voltage  rises  occur  which  couple  trmisicnt  voltages 
into  the  vehicle’s  electrical  wdi'ing  (as  showm  hi  fig.  1) . In  some  cases  these  voltages 
arc  high  enough  to  damage  solid-state  electronic  t*quipment  to  which  the  wiring  Is  con- 
nected. l’nJ.ike  other  aspects  of  aircraft  design,  there  are  no  specifications  or  stand- 
aixls  w’hich  say  what  level  of  transient  voltage  •;  piece  of  apparatus  must  withstand  or 
conversely,  what  levels  the  tnmsicnt  voltages  must  not  be  allow’ed  to  exceed  in  vehicle 
wiring.  Tills  incompatibility  botW'cen  the  trmisicnt  withstmid  capjibilit,\’  of  electronic  de- 
vices and  the  trimsicnts  to  which  they  arc  exposed  is  not  limited  to  the  aerospace  in- 
dustry but  is  one  which  is  appearing  to  some  degree  wherever  solid-state  electronics 
are  used,  with  a wide  rmige  of  unfortunate  consequences. 

Some  idea  of  the  actual  transient  voltages  that  lightning  may  produce  hi  an  air- 
craft’s electrictil  circuit  might  be  obtained  by  passing  siniulatcHl  lightning  currents 
through  an  aircraft  ;md  measurhig  the  voltages  induced.  I xlsting  generator.-;,  however. 
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aru  Incapalilf  «if  foivln/'  llir  hi)>li  m i (H|i  tu  juo  unu  :,f : ui  i.iii  d wiiii  ,i 
lightning  Htrlki*  a i..hI  ,,  .aiM  iah.  i\,  ii  ii  j|  w,  ,-,- 

pOHBlbU..  niOHt  ,nvn....s  wuul.l,  un.l..,' Man.lahls  lM..;„a(..  (o  all..u  O.l.s  „uul.  rur.a.nf  lo  be 
paHHecIthi-ouKb  their  ai.aMall.  Th.aa  iure,  .....ler  ,.pea.  ...  .I.ip  ,.|  ll.,.  NASA  Aeroapm-e 
Safety  Henear<-h  iuid  liala  ln.-ni|,ii.-  a ik.ihI. ■.;( i u.  ih (.  ,,|  ralle.l  ihr  )|,.|i(ln,.,  i rauaient 
analy.slH  (I/J'A)  (ivf.  was  (l•■vel^|Mal.  |ji  |,  | \ ennviiia  as  b.u  i laoti  „f 

that  expeeletl  In  an  actual  U-.hlaia,,  ah  iUe  are  p .sae.l  ilMuanl.  (he  alre.aCt  he.u.a.n  typi- 
cal llfihtnli>K  attaehment  poinla.  \..||a,..  ' i.wh.ee.l  l,,s  th.  se  e.„  reals  are  (hen  linearly 
extrapolated  to  full-s.-ale  lewla,  ( oni|,ai  is(.a  of  voKam  s iadaee.l  la  1,TA  and  fiiH-aeale 
test  currents  haxe  eoaflrine.l  tl.al  linea,  evl , a,.olallo„  i.  valid  in  .1  sih.ations. 

Typical  wirtwi,,_, Vi  re  .•m,l  uir.-(.,.-airf,.uae  N.,llar,.v  l.l'A  test  eu  r rents 

In  a fighter  airerall  (ref.  ;i)  wi.v  Inaidie  are  shouit  ui  liaure  J.  When  :iou  ainpe.-e.s  w,s 
ImproP-ed  upon  the  al.pbuna  (he  p.-af,  vollaj...  ne  ,su,vd  l.eUveen  either  wire  and  the 
airframe  was  2. -I  volts  (left  os.  illoj.rmui . A linear  eM . a,. elation  to  a severe  lighUiing 
stixtUe  of  200  000  ampers  would  ijuliu'e 


(2.  1 \) 


200  (lOu  A 
200  A 


1000  \ 


bclween  those  wires  :ui(l  sirlrnim  kj-oujuI  ,il  |,U'i  ]>JJ  ll„  voli,,a.-  l.olwoon 

the  two  wires  (rlsht  osollloBiaml.  howovor,  oMraiiol.ilos  I.,  onli  shout  :150  volts  'Hits 
result  Ulustrates  thobouofit  ol  Iw.uwl.v  luuU.pnulvm  ,vhmu  vhvults  over  sii.ukvwlre 
an  airframe  return.  Iho  hoiu'ril  v.um.s  Irom  Iho  .s„ullrr  . livuil  loop  IlmxiBh  which 
magnotle  flu.x  may  pass  a.s  compa.vcl  will.  il...  „,„bU.  „1,v  ,„u|  alrlramc  rclu„,.  cm  the 

other  hand,  the  hvo-wlro  au  ll,o,l  i ciul.cs  mo.c  „l,v  ;„ul  this  ,u„v  he  ua.lrshahlc  f.om 
weight  and  cost  standpoints* 

Wether  the  two-wl.vo,  any  oil, c.-  pivic,  iiv.  schcmculu,  oll.c- ,Hi.allicsl  provides 
sufficient  protection  or  is  c„  a ,uh  rssa.y  .,|l  ,u.p,.,„|. 

lovele  that  ma,  be  mdued  and  the  upset  oan.apc  levels  „r  the  as.soeialed  ele.-tronies 
Because  toeU  to  ealeulale  e.speele,l  .Is  hy  auslysls  alone  arc  no,  vc,  avail-  ' 

NAul  as  the 

NASA  h gh  Itoeareh  Cenler  |.-a  .llgltal,  Ihc  Navv  - I oehl„.c.l 

^3A  antisubmarine  uarfaic  aire  rall.  aa.l  Ihc  I .s.u  . ,.eacr:,l  iwaamlc  |...l,:  .Mr  Com- 

at  Fighter.  Lightning  trunsivni  anahsis  ivdmi.iiK.s  a,v  also  heginning  lu  he  used  to 

certify  new  systems  being  Inslalled  on  present  (ran.purl  .divraft. 

A large  amount  of  indueed  voltage  dal  . lias  hem  uhtai/ie.l  I nn,,  ll-me  I. T \ tests 

Perhaps  .eeause  diroet  eflVets  tests  on  se.  lions  of  ,.n  ai.e.aU  do,  uid.  ■.  u,.,  voveni- 

ment  specifications  arc  avaUable)  are  usually  pc  rfornu.  d ai  ,lu.  20o..Kiloampe,  c- level 

Uie  LTA  data  have  been  extrapolated  to  lids  1.  tel  le,  -le  ihi.>-  has 
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rcHultcd  In  alarniln(;ly  higli  voUaf^t'S  bcinf*  prodicit'd  for  somt*  tM’ilioul  otrcuits*  Ah 
might  be  expeelod,  the  validil\  of  tlu’sc*  prerUcUons  Is  being  (|uc>8tloncd  by  aircraft  dev 
signerH  who  conlinually  ask  fi'r  prooi  lliai  siuh  \'oll:jj!,(‘s  in  lari  orcin^  in  flight  luid 
whether  200-kiloanipere  strikes  really  <u»(*ur  often  enough  to  lu‘  Ihe  design  level.  The 
Increasing  relijuu^e  on  (»lec‘tronies  to  ptaiomi  High!  eriticaal  functions,  as  in  fly-by-wire 
flight  controls  without  mec  hmiical  backup,  nu‘ans  that  reliable  values  must  be  available 
for  design  puiposes,  sim*e  indis(*riminale  application  of  protective  shielding  and  surge 
suppression  devices  would  impose  unacc  eptable  size,  weight,  and  cost  penalties. 

Inhere  are  other  aspects  of  the*  induced  voltage  problem  whic^h  also  arc  not  well 
understood.  For  example,  ccM  tain  of  Uk‘  indat‘c‘tl  voltages  bc^ar  a clear  mathematical 
relationship  to  Uie  lightning  ciu  renl  which  causers  them.  But  other  voltages,  sometimes 
superimposed  on  the  familiar  ones  (as  shown  m fig.  h),  scMun  to  bear  none.  Wliile  of 
short  duration,  they  are  often  among  the  highest  voltages  measured  and  thus  the  deter- 
mining factor  in  protection  decisions.  It  has  been  suggested  by  Usher  (ref.  4)  that 
these  voltages  arc  induced  by  traveling  cnirrent  ^vave  reflections  excited  in  the  airframe 
when  the  lightning  flash  first  strikes  the  aircraft.  These  reflections  would  arise  bo- 
cause  of  the  probable  differences  in  the  surge  impeckuice  Z of  the  lightning  flash  chan- 
nel and  the  aircraft  (fig*  4).  The  velocity  v of  the  Iravclini;  \vnv’cs  in  the  aircraft 
would  be  that  of  light,  meters  per  second,  and  the  peric».l  of  oscillation  would  be 

proportional  to  the  length  of  the  aircM‘;ift. 

The  voltage  of  figiu'c  3(c)  was  induced  in  an  uii  t rait  whose  Jength  f i.s  13  meters, 
for  which  the  period  T of  one  complete  down-and-back  eyele  vvould  bo 


T = 


2f 


2G  m 


= a.G'r-  io"*^  s 


''  m/.s 


and  the  freciucney  f of  >’op«‘aled  cycles  would  he 


1 ■.  ii.r)d  mh;5 

T 


If  a current  of  this  frcfiucncy  liad  been  in  ,li  airirann.',  it  could  have  induced  a volt- 
age of  the  aame  frcc|ui;nc-y  in  tlie  aircraft's  elcctiical  cinuits.  A I'rcijucncy  of  thir  or- 
der is  indeed  evident  in  the  ■ idueed  voltage  oscillugiani  ol  l'i};urc  :>te».  '!'he  (luestion  is. 
Do  the.se  o.seillalion.s  actua  i,'  occui'  in  airerall  .struck  in  flir.lil  or  arc'  they  eau.^e*!  only 
by  the  1/I'A  test?  The  i Npl.uialion  of  figure  1 depends  o)i  an  incciuality  between  the  .surge 
impi’diinei’  of  llu*  lightning  channel  and  that  ol  Ihi'  iiii't' I’.ift . Iiewley  (I’t'f.  5)  define.s  llie 
surge  impedance  a lightning  .sttt)ke  in  l(.'rnis  ol  the  railiu  ■ i'  f'l  the  lightning  ehaniu*! 
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Qnd  th©  tsdius  R of  the  cloctroststlc  field  due  to  the  volume  of  the  cloud  thst  psrtici^ 
pated  In  the  discharge,  as  follows. 

Z = 60(log^-l) 

V r V 

And  Bewley  calculates  values  of  between  100  and  600  ohms  for  typical  strokes.  The 
surge  Impedance  of  the  aircraft  is  determined  from  its  lengthwise  distributed  induc- 
tance L and  capacitance  to  its  surroundings  C by  the  relation: 


A conductor  as  large  as  an  aircraft  would  have  a low  inductance  and  relatively  high 
capacitance.  Assuming  the  inductance  to  be  0.1  microhenry  per  meter  and  the  capaci- 
tance to  be  50  picofarads  per  meter,  then  the  surge  impedance  of  the  aircraft  would  be 


r 50x10"  F/m 

which  is  considerably  less  than  that  of  the  lightning  stroke.  The  reflection  and  refrac- 
tion coefficients  defined  by  Bewley  (ref.  6)  for  an  airci’aft  of  this  impedance  are  calcu- 
lated in  figure  4,  where  the  surge  impedance  of  the  lightning  channel  is  taken  for  con- 
venience to  be  450  ohms.  These  calculations  show  that  the  initial  peak  of  traveling  wave 
current  in  the  airframe  could  be  1. 8 times  the  amplitude  of  the  incident  llghtoing  cur- 
rait.  A current  of  this  magnitude  and  frequency  might  well  induce  the  kind  of  voltage 
shown  in  figure  3(b). 

rhere  could  be  no  better  way  of  confinnlng  the  e.xistence  and  severity  of  these  volt- 
ages than  by  an  in-flight  data  gathering  program.  Instrumentation  technologj'  has  ad- 
vanced to  the  point  where  it  should  now  be  possible  to  develop  small  instniment  pack- 
ages capable  of  measuring  and  recording  the  magnitudes  and  waveforms  of  actual  light- 
ning currents  and  the  voltages  they  induce  in  aircraft  circuits.  Such  instruments  might 
be  installed  in  commercial  transport  aircraft  and  monitored  for  several  years  to  obtain 
a good  sampling  of  data  on  the  real  life  environment  they  experience. 
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niKL  SYSTKMS 

Stimulntcd  in  pnrl  by  ilu*  lilltion  affidtmt  smd  also  by  the  SST  development  program, 
a large  amount  (A  res<*areh  \va:-’  etmdueted  during  the  l9G0's  to  determine  mechanisms 
by  which  lightning  hIj  iUcs  might  ignite  flammable  vapors  in  alrex’aft  fuel  tanks  and  to  de- 
velop pi'otective  measures.  Mmphasls  was  placed  on  integx*al  wing  tanks  and  associated 
vent  systems.  'J’hc  research  led  to  tlie  development  of  methods  to  extinguish  fires  that 
originated  at  vent  outlets  or  to  prevent  their  ignition  in  the  first  place.  Successful  test 
technlciues  have  also  been  licveloped  trefs.  7 and  8)  to  enable  the  definition  of  safe  thick- 
ness for  integral  tmik  skins  of  various  metals,  A large  amount  of  data  such  as  that 
shown  in  figure  5 is  on  hand  relating  skin  materials  and  thicknesses  to  the  li^tning  en- 
vironment. These  pixxtcctive  measiu'cs  and  test  techniques  are  in  use  today  by  the 
major  aiiplane  manufacturers  and  have  contributed  to  greater  flight  safety. 

Since  1971,  however,  at  least  three  accidents  involving  in-fli^t  explosion  of  fuel 
tanks  and  suspected  lightning  strikes  have  occurred.  These  accidents  ^ain  bring  up 
the  issue  of  fuel  system  vulnerability.  The  earlier  focal  points  of  vent  systems  and  skin 
punctures  appear  not  to  have  been  involved  in  these  accidents  (a  USAF  KC-135,  a USAF 
F-4,  and  an  Iranian  Air  Force  B-747),  yet  there  is  evidence  that  lightning  could  have 
struck  these  aircraft  at  or  about  the  time  the  explosions  occurred.  The  exact  mech- 
anism of  fuel  ignition  has  not  been  found  in  any  of  these  cases.  The  accidents  there- 
fore indicate  a need  for  a reexamination  of  fuel  system  vulnerability  to  lightning. 
Whereas  most  earlier  research  dealt  with  ignition  sources  originating  at  the  arc  attach- 
ment point,  less  is  known  or  documented  about  the  effects  of  lightning  current  conduo- 
tion  through  typicjd,  fuel  tank  structures  and  associated  plumbing.  Airworthiness  Stan- 
dards such  as  the  U.S.  Federal  Aviation  Regulations  Part  25  (ref.  9)  pertaining  to  fuel 
systems  specify  that  the  ignition  of  fuel  vapors  by  stroke  attachment  or  steaming  shall 
be  prevented,  but  do  not  appear  to  place  equal  stress  on  the  effects  of  current  conduc- 
tion through  the  airframe.  The  lightning  tests  that  are  suggested  in  an  associated 
document  (ref.  10)  relate  primarily  to  proof  against  sparking  from  stroke  attachment  to 
access  doors,  filler  caps,  and  the  like.  Tlic  emphasis  in  existing  military  standards  is 
the  same  (ref.  11) . 

With  rcfei-cnee  to  figure  6,  some  aspects  of  fuel  systems  that  might  bear  further 
examination  are 

(1)  Mechanical  bonding  - iloes  the  bonding  together  of  Integral  tank  walls,  ribs, 
spars,  and  skins  provide  adequate  electric;rl  bonding  for  lightning  currents?  Are  there 
any  conditions  in  present  constructions  that  may  result  in  an  electrical  spark?  If  not, 
how  much  margin  of  safely  exists? 

(2)  Fuel  system  lines  imd  fittings  - How  much  lightning  current  may  actually  flow 
in  the  vent  lines,  fuel  lines,  hydraulic  lines,  etc. , present  in  typical  fuel  tanks?  How 
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tioc.s  the  current  get  into  and  out  of  this  pluntibing?  (’mi  sparks  oeeur  across  Joints  and 
couplings?  To  what  extent,  If  any.  do  procedures  to  prevent  excessive  vibration  of 
lines  mid  fittings  (per  FAR  nt.  25,  pur.  25.  99.3)  degrade  elect rie.al  bonding  among  sec- 
tions of  linos  and  between  linos  and  structures? 

(^)  Electrical  sparits  - If  electric  current  is  flowing  from  one  meUillic  element  to 
another,  what  conditions  of  current  amplitude,  waveshape,  contact  resistance,  relative 
motion,  and  corrosion  must  exist  to  cause  a spark?  Much  is  known  about  how  much 
electrical  energy  must  be  !isch.^  i;;od  through  a spark  to  cause  ignition,  but  this  param- 
etei  is  hard  to  equate  in  terms  of  lightning  current.  How  much  electric  cui*rent  does  it 
take  to  cause  a spailc  sufficient  to  ignite  fuel? 

(‘^)  Electrical  apparatus  inside  fuel  tanks  - Are  fuel  tank  electrical  parts,  such  as 
pump  motors,  valves,  and  fuel  quiuitity  probes,  really  as  immune  to  sparking  as  their 
manufacturers  say  they  are?  Wliat  about  lightning- induced  voltages  brought  to  these 
items  from  electi’ical  circuits  that  run  outside  of  the  fuel  tanks,  and  which  maj’  therev 
fore  be  outside  of  the  fuel  system  designer’s  control? 

(5)  Fuel  - The  three  airci*aft  mentioned  above  carried  JP-4  fuel  which  has  a wider 
flammability  envelope  than  the  aviation  kerosenes  commonly  used  by  I’.S.  commercial 
airlines.  How  much  safer  is  Jet  A than  JP-4  under  the  conditions  in  items  (l)  to  (4) 
which  may  cause  sparking? 

Design  guidelines  - ^^^lat,  if  any,  new  design  guidelines  should  be  followed  to 
overcome  the  situations  in  items  (1)  to  (4)  w'hich  may  result  in  sparking? 

Answers  to  tliese  questions  could  probably  be  obtained  from  a combination  of  basic 
research  into  sparking  mechanisms  of  metals  in  various  types  of  contact  with  one 
another  and  an  extensive  sei’ies  of  carefully  instrumented  laborotoiy  tests  of  typical 
aircraft  fuel  tanks,  including,  especially,  integral  tanks  in  wings.  Included  in  these 
tests  would  be  full-sc.ale  simulated  lightning  currents  conducted  througii  the  tanks  with 
ignitable  hydrocai’bon-air  mi>rf'  res  inside. 


STRUCTUaEvS 


Ucc'cnt  emphasis  in  lightning  pix)tec-tion  of  st  ructu  res  has  been  placed  on  the  flber- 
gl.asti,  boron,  and  graphite  rei  .Torced  comjxjsites  which  arc  beginning  to  replace  con- 
veiitioiial  aluminum  in  some  a|  lieations.  Much  is  now  known  (refs.  12  to  14)  about  the 
electrical  conduction  propertit  of  these  materials  and  the  degree  of  damage  that  spe- 
cific amounts  of  lightning  cunvats  c>an  cause.  Protective  coatings  h.ive  been  developed 
to  minimize  Oils  damage,  and  work  is  now  undeiway  to  develop  mechanical  bonding  and 
fasti'nlug  techniques  which  c un  safely  conduct  lightning  currents  without  sparking  or  loss 


of  strength,  in  some  appilc-attons . such  as  engine  fan  bladc-s.  wing  leading  edges,  and 
fuselage  skins,  composites  will  not  be  exjx)sed  to  di  vect  lightning  strike  effects,  but  in 
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other  cases  these  materials  are  being  used  whore  lightning  strikes  frequently  attach. 
Initial  experience  has  been  with  fiberglass  and,  though  protected  in  many  cases  by  me- 
tallic diverter  bars,  fiber^ass  wing  tips,  radomes,  and  fairings  have  been  extensively 
damaged  by  lightning  strikes  as  shown  for  example  in  figure  7.  To  date,  none  of  this 
damage  has  caused  a fatal  accident,  but  there  have  been  some  close  calls.  The  protec- 
tive devices  designed  for  these  structui'es  have  performed  well  under  laboratory  tests, 
but  their  peiformance  on  an  aircraft  in  flight  has  not  been  as  good. 

There  appear  to  be  several  reasons  for  this  poor  performance.  (See  fig.  8.)  One 
is  the  presmice  of  anti— erosion  paints  which  are  often  applied  over  a protective  diverter 
on  the  real  aircraft.  Another  is  the  way  the  nonmetallic  part  is  attached  to  metallic 
substructural  elements,  which  are  outside  the  control  of  the  protection  designer.  Still 
another  is  the  continued  use  of  the  same  type  of  electrical  wiring  inside  the  nonmetallic 
structure  as  was  used  satisfactorily  within  the  metallic  structure  it  replaced,  and  yet 
another  - and  possibly  the  most  important  reason  - is  a lack  of  knowledge  of  the  basic 
relation  between  the  lightning  flash  and  the  aircraft  during  the  formative  stages  of  the 
stidke.  This  deficiency  has  limited  our  ability  to  simulate  the  real  world  in  the  labora- 
tory and  properly  test  protective  diverters. 

Improvements  in  understanding  this  situation  can  probably  be  obtained  by  in-flight 
evaluations  of  the  performance  of  protective  devices  against  laboratory  predictions,  and 
by  use  of  more  thorough  instrumentation  in  the  laboratory  to  obtain  a better  understand- 
ing of  dielectric  breakdown  processes  in  typical  aircraft  structures. 

In  addition  to  the  direct  effects  considered  above,  the  potential  impact  on  electrical 
and  electrwiic  systems  of  replacement  of  the  aluminum  skin  with  a composite  skin  re- 
mains to  be  learned.  Whereas  aluminum  skins  provide  sufficient  shielding  of  many  of 
today’s  aircraft  electronic  systems,  the  absence  of  this  property  in  a c^omposite  skin 
(fig.  9),  will  expose  internal  wiring  to  much  more  intense  electromagnetic  fields  and 
require  marked  changes  in  electrical  system  design. 


EDUCATK)N  AND  STANDARDIZATION 


Since  lightning  may  have  some  affect  on  nearly  every  system  In  an  aircraft,  suc- 
cesful  protection  depends  on  many  designers  being  aware  of  potential  lightning  prob- 
lems. To  improve  this  awareness,  some  educational  materials  are  available  which  are 
worthy  of  note. 


Educational  Eilms 


'Fhe  U.S,  Navy  Air  Systems  Command  has  prepared  four  etiucational  films  (ref.  l-l) 
on  the  protection  of  aircraft  against  lightning.  These  are  available  from  the  Nav>'  for 
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loan  to  anyone  desiring  to  introduce  the  subject  to  aircraft  designers  or  operators. 

In  response  to  inquiries  for  more  detailed  information  on  protection  of  fuel  and 
electrical  systems,  the  Navy  is  preparing  two  more  films,  which  treat  these  subjects 
in  greater  detail. 


Lightning  and  Static  Electricity  Conferences 

The  Society  of  Automotive  Engineers  (SAE)  Committee  AE-4  on  Electromagnetic 
Compatibility  together  with  (at  various  times)  the  U.S.  Air  Force,  U.S.  Navy,  Royal 
Aeronautical  Society,  and  Institution  of  Electrical  Engineers  has  conducted  international 
conferences  on  lightning  and  static  electricity  as  applied  to  aircraft.  These  conferences 
have  provided  a foinim  for  researchers  to  review  advancements  in  the  state  of  the  art 
every  2 years  since  1968.  Proceedings  of  each  conference  have  been  published  (refs. 

16  to  19) . 


Aircraft  Li^tning  Protection  Handbook 

The  Aerospace  Safety  Research  and  Data  Institute  of  NASA  Lewis  Research  Center 
has  sponsored  a handbook  on  Lightning  Protection  of  Aircraft  by  Fisher  and  Plumer  of 
General  Electi’ic,  in  which  the  I’esults  of  many  research  programs  are  digested  and  pre- 
sented in  a manner  useful  to  aircraft  designers  and  operators.  This  book  Is  to  be  pul>» 
lished  as  a NASA  Special  Publication  in  1976. 

Test  Standards 

Lightning  protection  has  suffered  in  the  past  from  a lack  of  lightning  qualification 
test  standards  which  reflect  the  state  of  the  ai't.  Those  that  do  exist  (e.g. , refs.  10 
and  11)  apply  onl.\  to  a few  systems  or  components  or  are  impossible  to  perform  as 
written  and  tlierefore  arc  subject  to  individual  liiterpx'etations  ard  deviations.  Accord- 
ingly, a subcommittee  composed  of  cxpoi*ts  in  lightning  laboratories,  industry,  tmd  go\'- 
emment  has  been  formed  under  SAE  Committee  AE-4  to  draft  lightning  test  wavefonns 
and  techniques  that  would  form  the  basis  of  new  or  updated  government  specifications. 
This  commlftee  has  comph'ted  its  work  on  this  task  with  the  publication  of  a report  de- 
fining lightning  test  waveforms  jmd  techniques  for  aerospace  vehicles  :uul  hardwaro 
(ref.  20).  The  Committee  is  now  embarked  on  im  additional  task  of  recommending  tran- 
sient lest  levels  for  aerospace  electronics  equipment. 
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('ONCU'I)INC;  HKMARKS 


()nc‘  of  the  keyH  lo  miswtM-tng  the  liglitning  effects  (luestions  raised  in  the  preceding 
paragraphs  is  a more  thoi'ough  untie I’standing  of  the  interaction  betwetrn  the  lightning 
flash  and  the  aircnift  hi  flight.  The  instrument  tlevclopment  work  tmd  in-flight  mea- 


surement program  needed  for  this  will  retjuirc  the  efforts  of  several  researchers,  de- 
signers, and  operators  of  aircraft  and  will  take  a number  of  yetirs  to  accomplish. 

In  the  metmtime,  it  is  ini{)ortant  that  details  of  lightnhig  strike  incidents  to  aircraft 
flying  today  are  recorded  by  the  operators  and  made  available  to  researchers,  espec- 
ially when  there  is  interference  or  the  malfunction  of  electronic  cf|uipmont  aboard  the 
aircraft.  For  example,  if  £Ui  instrument  is  believed  to  be  damaged  by  a strike,  a de- 
scription of  any  parts  burned  out  and  replaced  by  the  repair  shop  would  enable  research- 
ex’s  to  get  some  idea  of  the  magnitude  of  the  induced  voltage  sui'ge  involved  and  the  loca- 
tion of  the  airci  aft  wiring  in  which  it  oi’iginated.  Methods  to  provide  protection  against 


incidents  could  also  be  developed  fi’om  these  data.  Admittedly',  it  is  difficult 
to  track  component  failure  infoianation  in  the  midst  of  the  othei'  rccjuii'C'ments  imposed 
on  opei’ations  pei'somxel,  yet  these  data  ai'e  available  now  iuid  would  be  extx’emcly 
valuable  in  achieving  a bettei'  undei’standing  of  the  indirect  effects  pi’oblem  and  design- 


ing protection  for  future  aii'craft. 
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Figure  1.-  Induced  voltage  mechanisms. 
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THESE  REFLECTIONS  CAUSE  AN  OSCILLAflNG  CURRENT  IN  THf  AIRFRAMEs 


Figure  4.-  Traveling  wave  reflected  in  aircraft. 
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Figure  3.-  Problems  in  protection  of  composite  structures. 
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RATIONALE  FOR  STRUCTURAL  INSPECTIONS 

John  R.  Davidson 
NASA  Langley  Research  Center 


SUMMARY 

During  the  past  few  years,  methods  have  been  developed  to  predict  the 
reliability  of  aircraft  structures.  They  depend  upor.  inspection  effective- 
ness which,  in  turn,  depends  upon  structural  complexity,  quality,  and  the 
percentage  of  the  structure  inspected.  Reliability  can  be  enhanced  by 
choosing  materials  properly,  designing  damage— tolerant  structures,  and 
increasing  inspection  frequency.  And,  for  fleet  operations,  costs  can  be 
minimized  through  proper  inspection  schedules,  and  enhanced  reliability 
can  be  compatible  with  minimum  cost.  The  methods  are  derived  from  a combi- 
nation of  probability  theory  and  engineering  equations. 


INTRODUCTION 

During  the  past  few  years,  methods  have  been  developed  to  predict  the 
reliability  of  aircraft  structures.  Tlie  methods  are  derived  from  a combi- 
nation of  probability  theory  and  engineering  equations.  Their  earliest 
application  was  to  military  aircraft  operations,  where  the  military  urgently 
needed  ways  to  prolong  fleet  life  and  to  ensure  that  enough  aircraft  were 
always  available  for  use.  The  purpose  of  this  paper  is  to  acquaint  the 
operators  of  the  commercial  fleet  with  these  methods  and  how  they  have  been 
used  to  improve  reliability  and  reduce  the  cost  of  operations. 

The  discussions  in  this  paper  are  not  meant  to  serve  as  "cookbook" 
guides  to  application,  but  only  to  synopsize  some  of  the  methods  applicable 
to  commercial  fleet  operation.  Those  who  v^ish  to  apply  these  methods  to 
their  own  fleet  operations  are  urged  to  consult  the  references  which 
discuss,  in  more  detail,  how  the  methods  are  used  and  what  data  are  needed 
as  input  for  the  analyses. 


INSPECTION 

Reliability  methods  depend  upon  inspection.  Figure  1 shows  a typical 
inspection  problem  encountered  in  the  laboratory.  The  specimen,  about 
5.5  cm  wide,  is  subjected  to  repeated  loads  in  tension.  If  a crack  grows, 
it  will  start  at  the  small  drilled  holes  and  will  propagate  across  the 
width.  Cracks  0.1  mm  long  can  be  found  easily  for  two  reasons:  the 

inspector  knows  where  to  look,  and  the  specimen  is  accessible. 

Figure  2 is  a photograph  of  an  aircraft  wing  box,  a much  harder  inspec 
tlon  problem.  Sometimes  the  Inspector  knows  where  to  look  (for  example.  If 
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he  is  responding  to  an  aJ.rwoiM.him‘i?s  »l  I r<*ri  I vc') , but,  even  so,  cracks  can  occur 
anywhere#  And  a few  parts  (*f  the  fiftih  imr  are  ln«'icceHslble.  to  anything  except 
a teardown  inspection#  Priictlcal  hrspeci  lent  ami  teliablJity  methods  must  take 
into  account  the  possJblli.ly  ul  randnni  Mav/  l(w‘attona,  multiple  flaws,  and  area 
Inaccesslbl] Ity# 

The  reliability  after  Inaprctlun  depriulM  t»p(*n  huw  well  a crack  can  be 
detected#  Figure  3 (refs#  1 to  3)  fjhows  sonu>  typical  data  for  the  probability 

of  detection  (solid  lines).  In  ('ontraai,  the  dashed  lines  shov;  some  empirical 

fits}  they  can  be  adjusted  analyticalJy  to  match  rt*asonably  smooth  experimental 
curves  fairly  well#  In  gem^rai , tla*  probability  uf  detection  is  larger  for 
longer  cracks#  Ultrasonics  and  dyt*  p(fu*lrani.  lnspt*ctions  are  more  sensitive 
than  X-rays,  but  to  use  them  the  area  must  be  accessible#  X-rays  are  used  for 

inaccessible  areas,  but  the  radiation  source  must  be  positioned  directly  over 

the  crack#  The  data  in  figure  3 are  from  detectability  tests  generally  under 
laboratory  conditions.  Part  of  the  reason  that  the  experimental  curves  are  not 
smooth  is  the  paucity  of  data,  even  thtmgh  these  curves  were  obtained  during  an 
extensive  and  well-planned  program#  The  unevenness  of  the  curves  illustrates  a 
point:  not  much  data  exist  yet  about  the  inspection  process,  a process  that 

includes  both  apparatus  and  inspector.  A statistician,  of  course,  would  want 
enough  data  points  to  establish  9n-'pe;cenl  or  93-percent  bounds  on  the  curves# 

Figure  4 (ref#  4)  shows  one  of  the  empirical  curves#  It  has  several 
features#  First,  if  the  crack  is  short  enough,  it  cannot  be  found  (detect- 
ability is  0)#  Second,  there  is  a crack  length  that  corresponds  to  some  given 
detectability;  here,  cracks  o£  Icngtli  a aitd  lunger  can  be  found  at  least 
90  percent  of  the  time#  And  finally  the  curve  may  never  reach  1#0  because,  for 
various  reasons,  even  long  cracks  arc  occasionally  overlooked.  Sometimes  the 
curve  may  not  be  completely  defined,  but  for  some  uses,  only  the  crack  length 
at  some  percent  of  detectability  needs  to  be  ktnnrn.  Such  a simple  case  is  con- 
sidered first# 

With  these  aspects  in  mind,  fjguLi'  b (ref#  5)  relates  the  reliability  after 
inspection  to  the  probability  that,  tlu'  part  was  crack  free  before  inspection* 
Reliability  here  has  a specific  mcanitig:  a jiart  that  has  passed  inspection  has 

passed  because  it  was  thouglit  to  have*  hi*en  crack  free#  Reliability  after 
inspection  is  the  probability  that  the  pari  actually  is  crack  free#  Detect- 
ability is  a parameter  for  the  various  curves.  Here  the  Inspector  knows  where 
to  look,  and  only  must  decide  whether  t?tM.  * rat:k  of  some  given  length  (such 
as  4 mm)  or  longer  is,  or  is  t)ut,  present.  iliis  Is  a simple  inspection  case# 
Note  that  all  the  curves  lie  alji've  t)ie  iie-insjHntion  line,  showing  that  inspec- 
tions always  enhance  reliability.  And,  becatise  they  increase  monotonically , 
high  iuitial  quality  (reliability  l)eli.«re  inspect  iou)  alwa>s  enhances  final 
reliability. 

However,  quite  frequently  a c raciv  ur  ^ racks  can  appear  at  random  locations 
(as,  for  example,  iu  the  strucltuc  in  iir>»  *-).  Atid,  in  such  a case,  the  actual 
number  of  cracks  is  not  ktiown.  TiguM'  0 siu>va.  tin'  r*,*J  lability  after  inspection 
as  a function  of  the  detec  t ab  i li.  t *>  tot  Un  cam  where  the  actual  number  of 
cracks  in  a given  piece'  i.s  a landnn  mn'/lwa  , I’ciscon  distributed#  The  mean  (or 
average)  number  of  cracks  per  pim  i Ik  k»ir  inspcit  icai  is  the  parameter  shown 
beside  each  curve.  Cracks  tuigbt  la  nnyv/ln  t<>  U\  the  structure#  Reliability 
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is  significantly  cnlmtifed  if  dctfctubl 1 Ity  ia  high,  (High  detectability  implies 
an  effective  inspectiun  procedure.)  Jf  a part  containa,  on  the  average, 

10  cracks  before  inspection,  detectabl J 1 ty  must  be  very  high  if  the  part  is  to 
be  reliable  after  inspection. 

Figure  7 is  like  figure  6,  except  that  figure  7 applies  to  a case  where 
25  percent  of  the  structure  is  inaccessible  for  inspection,  because  there  is 
a chance  that  some  of  the  randomly  located  cracks  might  be  in  the  uninspected 
region,  the  curves  in  figure  7 are  lower  than  the  curves  in  figure  6.  Note  in 
particular  that  100  percent  reliability  cannot  be  attained,  even  if  cracks  are 
100  percent  detectable.  At  meaii  of  1 flaw  per  parr  the  highest  that  reliability 
can  be  is  about  0,78. 

Up  to  this  point,  unreliability  has  been  defined  as  having  an  overlooked 
crack;  unreliability  has  not  necessarily  meant  that  a part  will  fail.  (Ways  to 
build  crack-tolerant  structures,  where  the  seriousness  of  small  undetected 
cracks  is  minimized,  are  discussed  subsequently.)  Consider  the  case  where  an 
overlooked  crack  grows  longer  under  the  influence  of  stress  changes  due  to  gust 
and  maneuver  loads.  Reliability  is  redefined  to  mean  that  any  crack  present 
will  not  grow  to  be  "critically  long"  before  the  next  inspection.  A critical 
length  may  be  the  length  at  which  the  structure  no  longer  supports  limit  loads, 
or  some  shorter  .length,  perhaps  one  that  only  makes  passengers  nervous  if  they 
see  it.  Whatever  the  chosen  definition,  critical  length  is  some  fixed  value 
that  must  not  be  exceeded,  and  the  structure  is  reliable  only  if  the  critical 
length  is  not  reached. 

Figure  8 (ref.  4)  illustrates  a distribution  function  that  represents 
crack  lengths.  The  solid  curve  indicates  that  short  cracks  are  likely  to  occur 
much  more  often  than  long  cracks  do.  After  some  Initial  flights  the  cracks 
grow,  so  that  the  dashed  line  represents  the  new  crack  length  distribution. 
During  inspection,  the  longer  cracks  .ire  likely  to  be  discovered  and  fixed,  so 
that  the  dashed-dot  line  represents  the  distribution  after  inspection.  The 
dashed-dot  line  fairs  into  the  dashed  curve  at  the  limit  of  detectability  — 
shorter  cracks  are  not  detectable.  During  subsequent  flights,  unrepaired 
cracks  continue  to  grow. 

Figure  9 shows  the  results  of  an  analysis  that  recognizes  growing  cracks. 
The  two  curves  illustrate  the  relative  impact  of  various  inspection  schedules. 
The  abscissa  is  the  frequency  of  inspection;  it  is  the  number  of  inspections 
scheduled  during  a period  whose  length  is  sucli  that  u just-detectable  crack  can 
grow  to  critical  length.  The  two  symbols  have  the  following  definitions: 
tg  is  the  time  at  which  a crack  just  becomes  critically  long  and  tj  is  the 
time  at  which  the  crack  becomes  long  enough  to  be  detectable  (for  example, 
detectable  90  percent  of  the  time).  Tlie  curve  r.,,2  illustrates  the  reliability 
for  surviving  oiae  inspection  [uriisi  wJtli  no  initial  iinqu'ct  1 on.  liic  curve  '\jji 
is  for  survival  of  one  peri  oil  with  ;.n  initial  inspection;  it  is  nigbiT  liecauni- 
tl»e  extra  inspettion  is  lilu'ly  to  cisciv<r  ijoti.  i rad  s tii  il  (.ocla  prox,-  to  i ritl- 
cal  length  betv»/een  ituqu  i t i on;,. 
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It  is  licJpfuJ  u£  i-ourse,  to  know  wliat  slr^i  cr.-iok  i.iust  u<  l<.in;,i  t.-  tin- 

structure  rc*llal)lf  lx.-twoen  Itispeotlous,  Figure  10  sliov/s  ".salt"  .rack  It-tigtlis 
pJotted  against  tke  nornalized  inspection  frecinency.  First,  loni  at  tl.e  curve 
for  a critlcaJ  crack  iengta  a^  of  100  :.ua.  At  a frequency  oi  two  inspections 
during  the  norual  period,  ail  crack.s  shorter  tlian  /.7  i.aisl  ae  detected.  On 
the  other  naud,  if  a,.  = (in  an  infinitely  tunp.n  uaterial),  aa  inspector 
r.iust  still  find  all  cracks  longer  than  cS.l  i.u.i,  so  switii.lii;,  t<>  a tougii  naterial 
uoes  not  uelp  uucii  when  inspections  are  infrequent.  Fen-  iK-re  1 re  (|Ue-nt  inspec- 
tions tolerable  crack  iengtlis  are  Jonge-r,  but  also  tue  curve!;  :;ep.iratej.  'ioupher 
cmterlals  can  ijclp  to  alleviate  an  inspection  Jetectal) i 1 i ty  proi<lei..  if  inspec- 
tions are*  fre;quent,  if  the  structure  re-m.-iinf:  iitronp,  <'ven  with  i .etderate-i'’  long 
cracks,  then,  of  course,  it  remains  reliable.  Eince  a.  i.;eule-rate- 1 v long  craci. 
can  be  elotecteu  more!  easily  titan  a snort  crack,  the  e.etectahi  1 i ty  pr.'ble-!..  is 
moeierateu , and  the  structure  is  tiore  likely  to  lie  repaire-d  he-fore  the-  cnick. 
becomes  critically  long. 

ligure  11  (ref.  6)  shows  how  tlie  choice  ot  matc-riul  inlluesice's  |;orfe,'rir.ance.'. 
lor  structures  in  tension,  such  as  tl.e  lowe-r  wing  surfae  e,  sti  e-ss/uensi  ty  is  a 
measure  of  the  load-carrying  ahillty  per  pound  of  structure-.  iii;'h  values  on  tae 
oruiuate  indicate  efficient  structures.  Tl-e  life  n-qui re-ue-nt  is  ti.e-  life-  ed  the 
aircraft,  or,  perlinps  as  in  t'lis  dlscussieia,  the  Lime-  !n-twe-e-n  ius]  t-e  t i on.s . liie- 

(crack)  slf-.e  is  the  length  o’  a crae;k  just  a i.it  ;;r.!lli  r th.n:  tii;:L 

whlcli  can  be  de-tecLeU.  i!bac  sLe-el  i;,  the  tieisL  e-fticie-nt  ot  tin-  Li.j.e  ..-ateriais 
if  Very  suail  creicks,  for  e.-cauple,  1 in..,  c.ui  be  le'Uiiei.  i itaniui.,  i:;  i o:ii  ll  a 

sor.ewhat  longei  creie-li  must  be  tolt  rated;  hut  crae;ks  p.row  re- i at  i ve- 1 v !;.st  in 

titanium,  so  the  usefuJ  lift-  Is  not  as  long  ;is  for  kOl.'.-il}  iiini.  ini;..;  wiiii.  cat. 
tolerate,  iiiucii  longer  cracl.s  th.in  the  otlie-r  tnu  mate  r i .i  1 . e-.  n. 


in  addition  to  clioosing  the-  pre-pur  naterial,  tl-.o  .structure  it.selt  can  i.i- 
made  creick  tolerant  (ret.  7).  Figure-  12  is  not  only  a ; r.ijm  oi  re-.sicuai 
strength,  it  is  .also  a sketch  eif  .a  |-.ane  i with  tivituu  striui.irs.  Unlv  the  right 
half  of  the  panel  is  sketche-eJ;  tlie  paiu-i  i;.  .-.yn.r.etrie  .ai  out  ti.u  ve  rlil.ii  cvut.w- 
line  (the-  ord  in.atu) . UnJy  eine— lujlf  eif  the  cr.icl  i.-,  :.i,own,  it,  l.  . , is  ;vm;.tiic, 
1 igure  12  siieiws  lietw  rive-Loel  stringer.-;  iu-lp.  to  I'ot.aiu  ii.>-  i o,ui-i  .irr-.' it.)-  .lility 
ol  a cracked  nl.-ito.  nere-  luad-c;irry Inp,  ..Mlitv  F,  pi.  tt.,.;  arainst  . r.-ci  loiig.th. 
'llie  dushe-d  line  shows  Lite-  strengtli  ol  pl.ati  i 1 .i  is  st  i 1 ! on.  t - . th.  por- 

cent.-ige  of  mater  i.al  in  tin-  .st  i f f oiuri.  ia.i.,asos,  ,•  , t A-.:,  .aii'.in,-, 

ability.  'this  is  because-  the-  stlfloiur!;  pi.l  n)  tin  i.  i.u  1 I.,,.,  t;.-  ci.ui 

passes  unde-nn-.-ith.  Eeime-  .strneture-s  havi  inli,i,,!  !tj;:.f.  t-.  ii.-.i. 

stiff e-ners ; a p.am-J  witli  inte-gral  .sLilt.ner: ..  .;;!  t ,.  toi.r.iine 

as  a paiu-1  witin-ut  stiffe-m-rs  ln-i'.an,-;i-  tin-  ,-if  i t l . i . r , ; . • . • , . i,,.;  , v,. 

Thus  pro]H-r  matori.al:;  .-ind  eonstru.L  ioi.  . :s  , o;  . l.i.p.  r 

cracks  c;ui  in-  tole-rati-ei,  .and  .an  itn;i  i'.  toi  i'  m .ii  ; , ■ m : .n,. 

lemg  cracks. 
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MINIMIZING  COSTS  OF  OPERATION 


Reliability  methods  can  be  applied  to  economy  of  fleet  operation*  Fig- 
ure 13  (ref.  8)  shows  the  cumulative  cost  of  Inspection  and  repair  plotted 
versus  design  lifetimes.  The  data  are  for  a fleet  of  fighter  aircraft  with  a 
design  life  of  6600  flights.  The  aircraft  are  inspected  every  2200  flights* 

The  top  curve  is  total  cost,  and  the  next  is  repair  cost;  the  dash-dot  curve  is 
inspection  cost.  Repair  cost  is  the  major  contributor  to  total  cost.  Note  that 
the  cumulative  total  cost  and  cumulative  repair  cost  begin  Increasing  rapidly 
after  the  aircraft  has  been  in  service  for  two  lifetimes*  Figure  14  is  the  same 
data  for  inspections  scheduled  every  1100  flights*  It  is  clieaper  to  inspect  and 
repair  every  1100  flights,  chiefly  because  cracks  remain  small  and  are  cheaper 
to  repair*  For  example,  small  cracks  near  holes  can  be  fixed  by  reaming  the 
hole,  whereas  larger  cracks  may  lead  to  major  rework.  The  lov/er  repair  cost 
more  than  offsets  the  larger  inspection  cost* 

Of  course,  the  cost  of  extremely  frequent  inspection  might  overwhelm  the 
gain  in  repair  cost,  and  consequently  an  optimum  inspection  frequency  exists 
(ref.  9).  Figure  15  shows  how  this  optimum  can  be  found*  (Some  commercial 
transport  data  were  used  in  computing  this  figure*)  The  ordinate  is  the  total 
operating  cost,  including  the  expected  cost  of  failure  of  the  aircraft,  divided 
by  the  cost  of  failure.  (The  expected  cost  of  failure  is  generally  low,  because 
it  is  the  product  of  the  cost  of  failure  and  the  unreliability,  and  tlie  unre- 
liability is  a very  small  number.)  The  cost  of  failure  can  include  replacement 
cost,  insurance  losses,  ancillary  damage,  lawsuits,  etc*  The  abscissa  is  the 
number  of  scheduled  inspections  per  design  lifetime*  The  parameter  for  the 
various  curves  is  the  inspection  cost  divided  by  the  cost  of  failure*  Each 
curve  has  a minimum,  located  by  the  dashed  line;  at  whicli  the  expected  operating 
costs  are  minimized* 

In  figure  16  some  data  have  been  added  to  figure  15*  The  dot-dashed  curve 
is  the  probability  of  failure,  calculated  by  methods  somewhat  like  those  dis- 
cussed previously.  If  operations  are  to  be  constrained  to  some  value  of  unre— 
liability,  such  as  10"^  (reliability  of  0.999),  then  each  aircraft  must  be 
Inspected  at  least  seven  times  during  its  design  lifetime.  Thus,  for  a para- 
metric value  of  10”"^,  the  aircraft  must  be  inspected  more  often  than  It  would 
have  been  to  minimize  expected  operational  costs.  But  for  parametric  values 
of  10"^  and  smaller,  the  minimum  cost  number  of  inspections  leads  to  reliability 
greater  than  0.999.  Thus,  for  certain  values  of  the  parameter,  enlianced  reli- 
ability and  lower  operational  costs  go  together. 


CONCLUDING  RLMARRS 

To  sum  up.  Inspection  effectiveness  depends  upon  structural  cnih))li'xi ty , 
quality,  and  the  percentage  of  the  structure  Inspected.  ReJ iali i 1 i t y can  be 
enhanced  by  choosing  materials  properly,  designing  damage* tolerant  structures, 
and  Increasing  inspection  frequency.  And,  for  fleet  operat  i(.>ns , eosts  eau  be 
minimized  through  proper  inspection  schedules,  and  enhameil  ri’llat'llity  can  be 
compatible  with  minimum  cost. 
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DAVIDSON  (REF.  4) 


Figure  3.-  Typical  data  and  eiaplrlcal  curves  for  probability 
of  detection  (ref.  I) . Empirical  curves  can  be  adjusted 
to  fit  experimental  data. 


Figure  A.-  An  empirical  curve  for  probability  of  detection 
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INITIAL  QUALITY  (RELIABILITY  BEFORE  INSPECTION) 

Figure  5.-  Quality,  detectability,  and  reliability. 
Crack  site  known. 
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Figure  6.-  Quality,  detectability,  and  reliability. 
Randomly  distributed  crack  sites;  100  percent  of 
structure  Inspected. 


Figure  7.-  Quality,  detectability,  and  reliability. 
Kaudomly  distributed  crack  sites;  75  percent  of 
structure  inspected. 


CRACK  LLNGTH 


I'igure  H.“  i) I st ribuL  i on  f mih  t i ons  for  crack  longlh. 
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Figure  13.“  Relative  costs.  Inspection 
interval  2200  flights. 


60 
50 
40| 

CUMULATIVE  COST, 
COST  OF  301 


REPLACEMENT 

PERCENT 


20 


10 


TOTAI  y/ 

/ / REPAIR 

/ / 

^ -INSPLCflUN 


1 2 
DESIGN  LIFETIMES 


i j 


OPERATING 

COST 

FAILURE 

COST 


Figure  15.-  Optimum  number  of  inspections 
per  lifetime. 
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Figure  16.-  Optimum  number  of  inspeitlons  per  lifetime 
and  probability  of  failure. 
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GENERAL  AVIATION  CRASH  SAFETY  PROGRAM  AT  LANGLEY  RESEARCH  CENTER 

Robert  G.  Thomson 
NASA  Langley  Research  Center 


SUMMARY 

The  purpose  of  the  Langley  Research  Center  crash  safety  program  is  to 
support  development  of  the  technology  to  define  and  demonstrate  new  struc- 
tural concepts  for  Improved  crash  safety  and  occupant  survivability  in 
general  aviation  aircraft.  The  program  involves  three  basic  areas  of 
research:  full-scale  crash  simulation  testing,  nonlinear  structural  anal- 

yses necessary  to  predict  failure  modes  and  collapse  mechanisms  of  the 
vehicle,  and  evaluation  of  energy  absorption  concepts  for  specific  compo- 
nent design.  Both  analytical  and  experimental  methods  are  being  used  to 
develop  expertise  in  these  areas.  Analyses  Include  both  simplified  pro- 
cedures for  estimating  energy  absorption  capabilities  and  more  complex 
computer  programs  for  analysis  of  general  airframe  response.  Under  the 
crash  safety  program,  these  analyses  will  be  developed  to  provide  the 
designer  with  methods  for  predicting  accelerations,  load,  and  displacement 
histories  of  collapsing  structures.  Full-scale  tests  of  typical  structures 
as  well  as  tests  on  structural  components  are  being  used  to  verify  the  anal- 
yses and  to  demonstrate  improved  design  concepts. 


INTRODUCTION 

Technology  for  predicting  aircraft  dynamic  response  under  crash  loads 
and  occupant  behavior  during  Impact  is  being  developed  by  Langley  Research 
Center  (LaRC)  in  a joint  NASA/FAA  crashworthiness  program.  Part  of  the 
analytical  and  experimental  program  includes  evaluating  airframe,  seat,  and 
restraint-system  concepts  for  mitigating  crash  loads  imposed  on  occupants 
of  general  aviation  aircraft.  The  methods  used  and  concepts  developed  from 
these  ongoing  efforts  will  make  feasible  future  aircraft  designs  that  will 
enhance  the  degree  of  survivability  under  a crash  condition  with  minimum 
weight  and  cost  penalties.  The  total  program  with  its  goal  of  improved 
occupant  survivability  following  an  airplane  accident  is  shown  in  figure  1. 
NASA’s  responsibility  in  this  joint  program  is  shown  as  shaded  boxes,  the 
FAA’s  role  as  unshaded  boxes,  and  joint  efforts  as  crosshatched  boxes. 

Crashworthiness  design  technology  is  divided  into  three  areas: 
environmental,  airframe  design,  and  component  design.  The  environmental 
factors  consist  of  acquiring  and  evaluating  actual  field  crash  data  and 
defining  a crash  envelope  within  which  the  impact  parameters  allow  tolerable 
acceleration  levels. 

Airframe  design  has  a twofold  objective:  to  assess  and  apply  current, 

on-the-shelf , analytical  methods  to  predict  structur*»l  collapse;  and  to 
develop  and  valldtte  advanced  analytical  techniques.  NASA's  primary  role 
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in  the  joint  program  la  the  development  of  advanced  analytical  techniques. 
Full-scale  tests  will  be  used  to  verify  the  analytical  predlctlon.i,  as  well  as 
to  demonstrate  Improved  crashworthy  design  concepts.  A facility  for  free-f light 
crash  testing  of  full-scale  aircraft  structures  and  structural  components  has 
been  developed  at  LaRC.  Airframe  design  also  Includes  evaluation  of  novel 
crashworthy  design  concepts  and  their  effect  on  structural  crashworthiness. 

Component  design  consists  of  exploring  the  development  of  new  and  Innova- 
tive energy-absorbing  concepts  to  Improve  perfoirmance  of  seats  and  occupant 
restraint  systems  as  well  as  the  design  of  nonlethal  cabin  Interiors. 


LaRC  CRASH  SAFETY  PROGRAM 

The  responsibilities  of  LaRC  in  the  airframe  design  technology  portion  of 
the  joint  program  (see  fig.  2)  can  be  divided  into  three  program  elements: 
full-scale  crash  simulation  testing,  nonlinear  crash  impact  analysis,  anc. 
crashworthy  design  concepts. 


Full-Scale  Crash  Simulation  Testing 

The  full-scale  crash  simulation  testing  is  being  done  at  LaRC  In  the 
Langley  impact  dymunlcs  research  facility  (ref.  1)  shown  In  figure  3.  This 
facility  is  the  former  Langley  lunar  landing  research  facility  that  has  been 
modified  for  free-fllght  crash  testing  of  full-scale  aircraft  structures  and 
structural  components  under  highly  controlled  test  conditions.  The  test  vehi- 
cles are  suspended  from  the  gantry  and  then  swung  pendulum  fashion  and  released 
to  simulate  free-fllght  crash  conditions  at  impact. 

The  facility’s  basic  gantry  structure  is  73  m (240  ft)  high  and  122  m 
(400  ft)  long  supported  by  three  sets  of  inclined  legs  spread  81  m (267  ft) 
apart  at  the  ground  and  20  m (67  ft)  apart  at  the  66-m  (218-ft)  level.  A 
movable  bridge  spans  the  top  and  traverses  the  length  of  the  gantry. 

Test  method.-  The  method  for  crash  testing  the  aircraft  Is  shown  plctorlally 
In  figure  4.  The  aircraft  Is  suspended  from  the  top  of  the  gantry  by  two  swing 
cables  and  Is  drawn  back  above  the  Impact  surface  by  a pullback  cable.  An 
umbilical  cable  used  for  data  acquisition  Is  also  suspended  from  the  top  of  the 
gantry  and  connects  to  the  top  of  the  aircraft.  The  test  sequence  Is  initiated 
when  the  aircraft  Is  released  from  the  pullback  cable.  The  aircraft  swings 
pendulum  style  into  the  Impact  surface.  The  swing  cables  are  separated  from 
the  aircraft  by  pyrotechnics  just  prior  to  Impact,  freeing  the  aircraft  from 
restraint.  The  umbilical  cable  remains  attached  to  the  aircraft  for  data 
acquisition,  but  It  also  separates  by  pyrotechnics  before  It  becomes  taut  during 
skid  out.  Since  the  separation  point  Is  held  relatively  fixed  near  the  Impact 
surface,  the  length  of  the  swing  cables  Is  used  to  adjust  the  flight-path  angle 
from  0°  to  60°.  The  height  of  the  aircraft  above  the  impact  surface  at  release 
determines  the  impact  velocity  and  can  be  varied  to  give  impact  velocities  from 
0 to  26.8  m/s  (60  mph).  It  Is  Important  th'»t,  in  the  suspended  position,  the 
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force  vectors  of  the  swing  cables  and  pullback  cables  act  at  90°  to  each  other 
and  pass  through  the  center  of  gravity  of  the  aircraft.  This  Is  necessary  to 
control  aircraft  pitch  reaction  during  the  swing  phase.  The  movable  bridge 
allows  the  pullback  point  to  be  positioned  along  the  gantry  to  Insure  this  force 
relation  for  various  pullback  heights  and  swing-cable  lengths.  The  pitching 
velocity  of  the  aircraft  at  swing-cable  separation  continues  to  change  the 
pitch  attitude  of  the  aircraft  during  the  free-f light  phase  of  the  test.  In 
the  10  tests  conducted  to  date,  the  pitch  angle  change  due  to  this  condition 
has  never  been  greater  than  1.75°. 

A typical  aircraft  suspension  system  which  Is  designed  specifically  for 
the  aircraft  configuration  being  tested  Is  shown  In  figure  5.  The  swing  cables 
attach  to  hard  points  In  the  main  wing  spar  of  the  aircraft  so  that  a line 
connecting  the  two  hard  points  (dashed  line  In  figure)  passes  directly  through 
the  aircraft  center  of  gravity.  The  pullback  cable  attaches  to  these  same 
hard  points;  thus.  Its  force  reaction  also  passes  through  the  center  of  gravity. 
Two  sets  of  pitch  cables  are  attached  to  the  swing  cables  3 m (10  ft)  above  the 
hard  points  In  the  wings  and  to  hard  points  In  the  fuselage  fore  and  aft  of  the 
aircraft  center  of  gravity.  Adjustments  in  roll  angle  to  about  30  can  be  made, 
without  sacrificing  control,  by  varying  the  length  of  the  swing  and  pitch  cables. 
Adjustments  in  yaw  angle  to  about  15°  can  be  made  by  varying  the  length  of  the 
cables  in  the  pullback  harness  and  the  pitch  cables.  Adjustments  ^n  pitch  to 
about  45°  can  be  made  by  varying  the  length  of  the  pitch  cables  in  the  fore  and 
aft  directions.  Larger  changes  in  pitch,  yaw,  and  roll  require  receslgn  and/or 
relocation  of  the  hard  points  in  the  aircraft.  For  other  aircraft  configura- 
tions, the  hard  points  must  be  properly  located  and  a new  suspension  system 
must  be  designed  to  maintain  the  swing  and  pullback  cables  at  90  to  each  other 
with  their  force  vectors  passing  through  the  aircraft  center  of  gravity. 

Instrtnnentatlon ♦ - Data  gathering  from  the  full-scale  crash  test  of  an  air- 
craft is  accomplished  with  extensive  photographic  coverage,  both  interior  and 
exterior  to  the  fuselage,  utilizing  low-,  medium-,  and  high-rate  cameras  and 
with  onboard  strain  gages  and  accelerometers.  The  piezoelectric  accelerometers 
(range  of  250g  and  2 to  5000  Hz)  are  the  primary  data-generating  instruments. 

A typical  accelerometer  layout  for  a test  specimen  experiencing  zero  yaw  at 
lnq>act  Is  shown  in  figure  6.  Circles  Indicate  Instruments  positioned  to  measure 
accelerations  normal  to  the  fuselage's  horizontal  plane.  Diamonds  represent 
Instruments  positioned  to  measure  accelerations  both  In  the  normal  and  longi- 
tudinal directions  as  shown  in  the  flgur> . The  side-view  schematic  also  shows 
two  dummies  onboard  the  test  specimen,  ’’’lere  have  been  from  one  to  four 
anthropomorphic  dummies  (National  Hlghw  j Traffic  Safety  Administration 
Hybrid  II)  onboard  all  full-scale  aircraft  tests  conducted  to  date  at  LaRC. 

Shown  In  figure  7 is  a schematic  of  a typical  onboard  camera  and  restraint- 
system  arrangement.  The  forward  camera  is  located  In  the  radio  cooq>artment  In 
the  instrument  panel,  the  rear  camera  on  a rear  instrument  shelf,  and  the  two 
side  cameras  are  cantilevered  off  the  fuselage.  These  cameras  are  shock 
resistant  and  are  mounted  in  a cantilever  fashion.  There  are  approximately 
15  exterior  cameras  used  during  a test.  The  location  and  framing  rate  of  these 
cameras  are  discussed  in  reference  1.  The  restraint-system  arrangement  and 
type  of  restraint  used  vary  from  test  to  test. 
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Tests  conducted.-  Full-scale  crash  testing  of  aircraft  and  aircraft  compo- 
nents is  being  conducted  at  LaRC  to  determine  a set  of  structural  design  crash 
parameters  for  which  the  cabin  area  maintains  its  structural  integrity  to  the 
degree  that  it  supports  a livable  volume  throughout  the  crash  se<.ue..ce.  These 
structural  crash  parameters  will  be  supplemented  by  FAA  field  crash  data  to 
form  a basis  for  a rational  crash  design  envelope.  In  addition,  the  experi- 
mental crash  test  data  will  be  used  to  ascertain  the  validity  of  analytical 
predictions  and  to  test  the  performance  of  Improved  structural  and  seat  concepts 
for  crashworthiness.  The  initial  stages  of  the  crash  test  program,  from 
February  1974  to  June  1976,  have  been  conducted  using  10  twin— engine  light  air- 
craft impacting  into  a concrete  surface. 

A summary  of  the  impact  parameters  associated  with  these  10  tests  is  shown 
in  figure  8 by  the  shaded  boxes.  The  flight-path  angle  was  maintained  at  -15° 
except  for  two  tests.  These  two  tests  had  flight-path  angles  of  -30°  and  -45°. 
The  flight-path  velocity  has  been  held  constant  at  26.8  m/s  (60  mph)  except  for 
one  test  at  13.4  m/s  (30  mph).  Two  tests  were  performed  with  landing  gear 
extended  and  are  indicated  by  an  asterisk.  Positive  angles  of  attack  of  15° 
and  30  were  introduced  in  two  tests  at  -15°  flight-path  angle.  In  addition, 
two  tests  were  conducted  with  negative  roll  angles  of  30°  and  15°. 

Future  full-scale  aircraft  tests,  shown  in  figure  8 by  unshaded  boxes,  will 
Include  twin-engine  aircraft  at  lower  impact  flight-path  angles  but  higher 
Impact  velocities  (aircraft's  swing  velocity  will  be  augmented  with  wing-mounted 
rocket  motors) . In  addition,  three  high-  and  three  low-wing,  single-engine 
aircraft  crash  tests  are  planned,  as  well  as  stripped  airframe  tests  on  field 
terrain  simulated  by  dirt.  The  matrix  of  full-scale  crash  testing  is  by  no 
means  complete  and  does  not  consider  such  secondary  effects  as  aircraft  sliding, 
overturning,  cartwheeling,  or  tree  and  obstacle  Impact.  However,  the  proposed 
crash  tests  should  generate  enough  meaningful  crash  data  to  define  single—  and 
twin-engine  structural  crash  test  envelopes. 

NASA  full-scale  crash  test  data.-  Experimental  acceleration  time  history 
data  and  structural  damage  assessment,  generated  from  each  of  NASA's  full-scale 
crash  tests,  are  being  analyzed  for  publication.  The  analyses  consider  the 
effects  of  varying  one  of  the  Impact  parameters  only,  such  as,  flight-path 
velocity,  flight-path  angle,  angle  of  attack,  or  roll.  A representative  sample 
of  the  type  of  data  to  be  reported  is  presented  herein  for  1 of  the  10  tests 
shown  in  figure  8 (nominal  test  conditions  of  26.8  m/s  (60  mph)  flight-path 
velocity,  -15°  flight-path  angle,  zero  angle  of  attack,  and  zero  roll  and  yaw). 

Figure  9 is  a sequence  of  photographs  taken  with  a 20-frame-per-second 
camera  during  the  second  crash  test.  Time  between  frames  is  0.05  second.  The 
sequence  clearly  shows  the  free-f light  condition  of  the  test  aircraft  prior  to 
Impact  at  26.8  m/s  (60  mph)  and  a pitch  angle  of  —12°.  The  structural  damage 
to  the  fuselage  occurs  during  two  impacts:  primary  Impact  when  the  nose 

initially  Impacts  the  ground  surface  (third  frame)  and  secondary  impact  when 
the  cabin  slams  down  onto  the  ground  surface  because  of  fuselage  rotation 
(fifth  frame) . This  secondary  impact  produces  the  most  severe  normal  acceler- 
ations in  the  cabin  area.  For  this  particular  test,  structural  damage  was 
moderate  with  the  cabin  maintaining  its  livable  volume.  Rivet  shear  occurred 
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in  the  cabin  along  lines  of  overlapping  skin  sheet  metal  and  Interior  stiffening 
8tructure»  Breaks  due  to  this  rivet  shear  appeared  In  the  roof  at  the  main  spar 
frame^  along  the  window  ledges,  and  In  the  vicinity  of  the  door.  Upon  impact, 
the  forward  floor  beams  and  nose  wheel  well  rotated  upward  causing  buckling  of 
the  entire  nose,  fire  wall,  and  floor  beams  In  the  cockpit.  The  combination  of 
downward  momentum  of  the  wings  and  the  Impact  of  the  main  spar  with  the  ground 
produced  twisting  of  the  main  spar  and  loss  of  wing  dihedral  angle.  In  addition, 
the  cabin  floor  experienced  upward  heaving  of  the  floor  beams  causing  outboard 
seat  rotation.  Glass  breakage  was  confined  to  the  pilot's  windscreen  and  side 
window. 

Four  representative  sets  of  acceleration  time  histories,  normal  to  the 
longitudinal  axis,  recorded  during  this  full-scale  crash  test  are  presented  in 
figures  10,  11,  12,  and  13.  At  the  top  of  each  figure  there  Is  a side-view 
schematic  locating  the  accelerometers  (diamond  symbols)  and  the  four  anthropo- 
morphic dummies  (pilot,  copilot,  and  two  passengers)  of  Interest.  Figures  10 
and  11  are  typical  acceleration  time  histories  while  figures  12  and  13  are 
acceleration  time  histories  with  timed  events  from  photographic  data  superimposed 
on  the  acceleration  traces. 

Figure  10  presents  acceleration  traces  at  two  different  locations  normal 
to  the  floor  beam  of  the  fuselage.  The  first  accelerometer  is  located  at  the 
Initial  point  of  Impact,  first  fuselage  frame.  Acceleration  trace  (2)  is  aft 
of  the  first  passenger  and  is  not  affected  by  the  •'rimary  impact  but  by  the 
secondary  Impact  when  the  cabin  compartment  slams  onto  the  contact  surface. 

The  fuselage  direc  below  point  (2)  contacts  the  ground  0.09  second  after 
initial  ground  cont..  . (fifth  frame  of  fig.  9).  For  the  nose  location  at  the 
first  fuselage  frame  (trace  (1))  during  the  first  0.1  second  after  Impact,  the 
aircraft  exhibits  high  amplitude  oscillatory  behavior  caused  by  Initial  Impact 
(120g  negative  acceleration),  then  rebound  (42g  positive  acceleration)  followed 
by  another  impact  (AOg  negative  acceleration)  which  is  canceled  by  the  action 
of  the  adjacent  structure  as  it  continues  along  the  flight  path.  Although  the 
secondary  impact  produces  the  most  severe  normal  accelerations  in  the  cabin 
area,  the  magnitudes  of  these  accelerations  (22g  negative  and  50g  positive)  are 
still  substantially  lower  than  those  of  the  nose  (impact  point)  accelerations 
and  occur  between  0.1  and  0.2  second  after  primary  Impact. 

Figure  11  presents  time  history  of  the  average  of  four  accelerometers 
located  normal  to  the  base  of  the  first  passenger  seat  (behind  the  pilot)  and 
the  normal  pelvic  acceleration  time  history  of  the  anthropomorphic  dummy.  The 
first  passenger  (79.3  kg  (175  lb))  was  seated  In  a standard  passenger  s®at  and 
was  restrained  by  a five-point  restraint  system  - lap  belt,  crotch  belt,  and 
two  shoulder  harnesses.  The  average  seat  input  (at  the  base  of  the  seat)  peaks 
at  about  0.08  second  after  Initial  impact.  There  is  some  similarity  between 
the  average  acceleration  trace  of  the  seat  base  (3)  and  the  first  passenger 
pelvic  trace  (4)  If  one  considers  that  there  is  a time  lag  of  0.02  second 
between  the  traces  during  which  the  seat  cushion  and  dummy  compress.  However, 
little  energy  is  dissipated  by  the  seat  structure  as  is  evident  in  the  small 
difference  in  maximum  acceleration  peaks  between  the  seat  base  (3)  (54g  positive) 
and  the  dummy's  pelvis  (4)  (50g  negative). 
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In  figure  12»  six  normal  acceleration  time  history  traces  are  presented 
with  timed  events  from  photographic  data  superimposed  on  the  traces  for  corre- 
lation and  Interpretation.  The  six  accelerometers  are  spaced  along  the  floor 
beam  of  the  aircraft  from  the  first  fuselage  frame  to  the  rear  of  the  first 
passenger  seat  (see  side-  and  top-view  Insert) . The  response  of  Initial  ground 
contact  Is  felt  Immediately  at  the  first  frame  (trace  (1))  and  Is  seen  to  pro- 
gress rearward  to  the  fire  wall  (trace  (3))  with  diminishing  Intensity  and  with 
a slight  time  lag  associated  with  the  rearward  progression  of  the  contact  sur- 
face. Main  spar  ground  contact  (0.05  second)  produces  a posit ive  acceleration 
or  downward  force  In  the  nose  of  the  aircraft  and  signals  the  Initiation  of 
cabin  compartment  excitation.  The  Intensity  of  the  acceleration  peaks  In  the 
cabin  compartment  Is  maximum  In  the  vicinity  of  the  main  spar  and  diminishes 
progressively  from  that  point  rearward.  The  secondary  Impact  due  to  downward 
fuselage  rotation  produces  a negative  acceleration  peak  (or  upward  force)  In 
the  cabin  compartment  (60g  on  trace  (4)»  40g  on  trace  (5)).  The  loss  of  wing 
dihedral  angle  and  wing  ground  contact  have  little  overall  effect  on  the  fuse- 
lage response  except  for  the  main  spar  twisting.  The  rivet  shear  failure  of 
the  fuselage  In  the  roof  at  the  main  spar,  0.178  second  after  Impact,  concludes 
further  significant  crash  effects  felt  In  the  aircraft  structure. 

Acceleration  time  history  traces  of  the  anthropomorphic  dummy  at  the  first 
passenger  location  and  of  the  seat  at  the  base  of  each  leg  are  shown  In  fig- 
ure 13  superimposed  with  timed  events  from  photographic  data.  Initial  ground 
contact.  Indicated  by  zero  time  In  figure  13,  Is  not  felt  appreciably  by  the 
first  passenger.  The  first  passenger  begins  downward  and  forward  motion 
0.06  second  after  Impact  at  precisely  the  time  that  the  front  and  rear  legs  of 
the  seat  first  begin  to  record  large  localized  forces.  The  seat  then  begins  to 
rotate  outboard  (0.069  second).  The  shapes  of  the  pulses  of  the  two  front  seat 
legs  are  nearly  Identical  as  are  the  shapes  of  the  pulses  of  the  two  rear  seat 
legs.  The  primary  pulse  Into  each  leg  (the  time  Interval  between  0.07  to 
0.09  second)  has  practically  the  same  period  but  much  lower  amplitude  In  the 
rear  legs  of  the  seat.  This  primary  pulse  is  exhibited  in  the  velvic  region 
(trace  (3))  of  the  dummy  0.025  second  later.  For  determining  a single  acceler- 
ation pulse  shape  for  seat  evaluation,  it  appears  that  the  simple  averaging  of 
the  inputs  at  each  leg  attachment  point  (fig.  11)  yields  a satisfactory  repre- 
sentation. Comparison  of  aisle  leg  to  window  leg  accelerations  indicates  that 
the  aisle  leg  negative  acceleration  peaks  during  seat  rotation  are  higher  than 
the  corresponding  window  leg  peaks.  This  difference  Is  due  to  the  aisle  floor 
structure  Impacting  first  and  causing  outboard  seat  rotation.  At  the  end  of 
the  outboard  seat  rotation  a positive  (downward)  normal  acceleration  peak  (70g 
and  63g)  occurs  in  both  rear  seat  legs  as  the  dummy  moves  rearward  in  the  seat, 
and  at  the  end  of  dummy  forward  pitching,  a large  negative  longitudinal  accel- 
eration (70g  on  trace  (2))  occurs  because  of  tightening  of  the  restraint  system. 
(The  normal  and  longitudinal  dummy  acceleration  traces  are  taken  relative  to  a 
local  dummy  coordinate  system  perpendicular  and  parallel  to  the  dummy's  spine.) 
Cabin  lateral  expansion  ends  at  0.146  second,  which  marks  the  end  of  significant 
seat  and  dummy  response.  The  cabin's  lateral  elastic  recovery  occurs  by 
0.306  second. 
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Nonlinear  Crash  Impact  Analysis 

The  objective  of  the  analytical  efforts  at  LaRC  is  to  develop  the  capabil- 
ity to  predict  the  nonlinear  geometric  and  material  behavior  of  sheet-stringer 
aircraft  structures  subject  to  large  deformations  and  to  demonstrate  this  capa- 
bility by  determining  the  plastic  buckling  and  collapse  response  of  such  struc- 
tures to  impulsive  loadings.  Two  specific  finite-element  computer  programs  are 
being  developed  with  attention  focused  on  modeling  concepts  applicable  to  large 
plastic  deformations  of  realistic  aircraft  structural  components.  These  two 
programs  are  discussed  In  the  following  sections.  Other  current  computer  pro- 
grams available  for  crashworthy  analysis  are  reviewed  in  reference  2.  This 
review  deals  primarily  with  modeling  concepts  and  the  relative  capabilities 
and  limitations  of  nonlinear  computer  programs  for  application  to  large  plastic 
deformations  of  realistic  vehicle  structures. 

PLANS.-  For  several  years  LaRC  has  been  developing  a rather  sophisticated 
plastic  analysis  computer  program  (Plastic  and  I.arge  Deflection  Analysis  of 
Npnllnear  Structures)  which  Includes  geometric  as  well  as  material  nonllnearltles 
(refs.  3 and  4).  This  computer  program  for  static  finite-element  analysis  is 
capable  of  treating  problems  whlct  Include  bending  and  membrane  stresses » thick 
and  thin  axlsymmetrlc  bodies,  general  three-dimensional  bodies,  and  laminated 
composites.  The  solution  procedure  embodies  the  Initial  strain  concept  which 
reduces  the  nonlinear  material  analysis  to  the  analysis  of  an  elastic  body  of 
identical  shape  and  boundary  conditions,  but  with  an  additional  set  of  applied 
"effective  plastic  loads."  The  advantage  of  this  solution  technique  is  that  it 
does  not  require  modification  of  the  element  stiffness  matrix  at  each  incremental 
load  step. 

ACTION.-  A nonlinear  dynamic  finite-element  computer  program  (Analyzer  of 
£rash  Transients  in  Inelastic  or  Nonlinear  Response  (CRASH  in  ref.  5))  is  being 
extended  at  LaRC  to  more  realistic  aircraft  sheet-stringer  structures.  Membrane 
elements  have  been  added  to  the  Initial  truss  and  frame  simulation  capability 
to  predict  the  transient  response  of  frames  with  and  without  sheet  coverings. 

This  new  computer  program  uses  direct  energy  minimization  to  obtain  solutions 
rather  than  the  usual  direct  stiffness  method  which  requires  modifications  of 
the  initial  stiffness  matrix  for  plastic  material  beliavior. 

Analytical  and  experimental  results.-  These  computer  programs  are  currently 
being  evaluated  by  comparison  with  experimental  results  on  some  simplified 
structures.  These  structures  are  shown  in  figure  14  in  the  order  of  Increasing 
complexity:  an  axial  compression  of  a circular"  cylinder,  a tubular  structure 

composed  of  12  elements  with  symmetric  cross  sections  joined  at  common  rigid 
joints,  an  angular  frame  composed  of  asymmetric  angles  and  bulkheads  with  nodal 
eccentricities  at  the  rigid  joints,  and  the  same  angular  frame  covered  with 
sheet  material.  Static  and  dynamic  analyses  of  these  structures  loaded  into 
the  large  deflection  plastic  collapse  regime  are  being  conducted  with  PLANS  and 
ACTION  and  are  being  compared  with  experimental  data.  Large  deflection  static 
analyses  with  corroborating  experimental  results,  for  the  simplified  structures 
shown  In  figure  14,  are  reported  In  reference  6. 

Figure  15  is  a photograph  of  the  angular  frame  structure  which  measures 
1.5  m (5  ft)  in  length  with  a base  1.3  m by  1 m (4.2  ft  by  3.3  ft)  tapering 
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to  0.61  m by  0.57  m (2  ft  by  1.87  ft)  at  the  tip.  TIip  frame  is  composed  of 
rigid  bulkheads  connected  longitudinally  by  2.54  cm  by  2.54  cm  by  0.16  cm  (1  In. 
by  1 In.  by  0.0625  In.)  anRle.  A T-beam  made  of  two  riveted  2.54  cm  by  2,54  cm 
by  0.24  cm  (1  In.  by  1 in.  by  0.094  In.)  anf'les  brnccH  the  rear  bulkhead  with 
a center  T-beara  of  the  s.ame  dimonalons.  Ohown  In  flpure  16  is  a chronological 
sequence  of  computer  deformation  patterns  for  the  anpular  frame  loaded  Impul" 
slvely.  The  end  (smallest)  bulkhead  of  the  aiiRular  frame  was  Riven  an  Initial 
longitudinal  velocity  at  time  aero  of  13.4  m/s  (30  mph) ; the  remainder  of  the 
frame  was  kept  at  rest. 

Computer  predictions  of  the  subsequent  deformation  patterns  of  the  angular 
frame  obtained  with  the  PLANS  computer  program  are  shown  in  figure  16  for 
various  times  (in  milliseconds)  after  initial  impact.  The  computer  predictions 
indicate  no  appreciable  collapse  of  the  first  bay  of  the  angular  frame  for  the 
13.4  m/s  (30  mph)  loading.  Plastic  stresses  and  deformations  are  present, 
however,  in  the  first  bay.  In  igure  17  the  frame  is  loaded  impulsively  (at  the 
end  bulkhead)  with  an  initial  velocity  of  89.4  m/s  (200  mph).  The  frame,  under 
this  loading  condition,  experiences  collapse  in  the  first  bay  in  0.70  milli- 
second. Corroboration  of  the  analytical  predictions  with  experimental  data  is 
to  be  accomplished  by  explosively  loading  the  angular  frame  in  a sequence  of 
experimental  tests  with  explosive  sheet,  detonated  with  fust  cord,  A schematic 
and  photograph  of  the  test  setup  showing  the  angular  frame  positioned  vertically 
with  the  loading  on  the  end  bulkhead  are  given  in  figure  18. 


Crashworthy  Design  Concepts 

The  final  area  of  research  in  the  crash  safety  program  is  the  development 
of  crashworthy  design  concepts.  The  objective  here  is  to  develop  structural 
concepts  that  Improve  the  energy  absorption  characteristics  of  a structure 
either  by  modifying  its  structural  assembly,  changing  the  geometry  of  its 
elements,  or  adding  specific  energy  absorption  devices  to  help  dissipate  kinetic 
energy.  Recent  efforts  in  this  research  area  at  LaRC  have  been  concentrated  on 
the  development  of  crashworthy  aircraft  seat  and  restraint  systems.  A user- 
oriented  computer  program  called  SOMLA  (^eat  Occupant  Model-I.ight  Aircraft), 
described  in  reference  7,  is  being  used  to  study  seat  and  occupant  response 
under  crash  loading  conditions.  The  computer  program  is  based  on  a three- 
dimensional  occupant  and  seat  model  in  which  the  occupant  model  consists  of 
11  rigid  mass  segments.  The  seat  model  is  composed  of  beam  and  membrane 
elements  with  provision  for  simulating  plastic  behavior  by  the  use  of  plastic 
hinges.  (See  fig.  19.)  Verification  efforts  of  SOMLA  using  LaRC  full-scale 
crash  test  data  have  resulted  in  the  incorporation  of  modifications  to  allow 
for  more  realistic  simulation  of  seat  leg  loading  and  occupant/restraint-system 
interface. 

A comparison  of  SOMLA' s computer  predictions  with  experimental  data  from 
an  aircraft  section  drop  test  is  presented  in  figure  20,  The  aircraft  section 
is  a 1.5  m (5  ft)  longitudinal  fuselage  section  of  a twin-engine  aircraft 
beginning  directly  behind  the  pilot  and  containing  the  first  row  of  passengers. 
(See  fig.  21.)  The  solid  curves  in  figure  20  are  experimental  accelerations 
for  an  aisle  seat  leg,  a window  seat  leg,  and  the  pelvis  of  the  first  passenger 
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(behind  the  pilot)#  The  flrct  paafienger  la  aeated  in  a atandard  aircraft 
paBaenger  aeat#  The  daahcd  curve  la  the  computer  prediction  of  the  polvla 
reaponse  for  the  first  passenger  (50  percentile  male  anthropomorphic  dummy)# 

The  peak  magnitude  and  duration  of  the  pelvis  reaponae  show  good  correlation 
with  the  experimental  data#  However,  the  experimental  data  «4xhlblt  an  Initial 
negative  (upward)  acceleration  which  diminishes  as  the  seat  <;ushlon  compresses, 
followed  by  a second  negative  peak  as  the  occupant  la  loaded  by  the  seat  frame# 
The  failure  of  SOMLA  to  predict  this  response  Is  due  to  the  occupant  being 
loaded  through  node  points  which  are  time  invariant# 

Two-dimensional  computer  graphics  of  SOMLA^s  seat,  occupant,  and  restraint- 
system  response  for  the  aircraft  section  drop  test  are  shown  in  figure  22#  The 
computer  graphics  show  the  occupant  compressing  the  seat  cushion  and  the  slacking 
(gapping)  of  the  seat  belt.  No  shoulder  harness  was  simulated  because  of  the 
vertical  test  condition  and  the  immediate  flexing  of  the  upper  portion  of  the 
aircraft  section,  artificially  unloading  the  test  dummies*  shoulder  harnesses, 
as  shown  in  figure  21.  Computer  graphic  displays,  as  illustrated  in  figure  22, 
aid  in  visually  interpreting  the  combined  motions  of  the  seat,  occupant,  and 
restraint  system  during  the  crash  sequence;  they  are  also  helpful  in  verifying 
modeling  techniques  and  data  input. 


CONCLUDING  REMARKS 

Langley  Research  Center  (LaRC)  has  initiated  a crash  safety  program  that 
will  lead  to  the  development  of  technology  to  define  and  demonstrate  new  struc- 
tural concepts  for  improved  crash  safety  and  occupant  survivability  in  general 
aviation  aircraft.  This  technology  will  make  possible  the  integration  of 
crashworthy  structural  design  concepts  into  general  aviation  design  methods. 

The  technology  will  include  airframe,  seat,  and  restraint-system  concepts  that 
will  dissipate  energy  and  properly  restrain  the  occupants  within  the  cabin 
interior.  The  current  efforts  at  LaRC  are  focused  on  developing  improved  air- 
craft components  needed  for  crash  protection,  and  both  improved  seat  and 
restraint  systems  are  being  considered  as  well  as  structural  airframe  modifica- 
tions. The  dynamic  nonlinear  behavior  of  these  components  is  being  analytically 
evaluated  to  determine  tneir  dynamic  response  and  to  verify  design  modifications 
in  structural  crushing  efficiency.  In  particular,  that  portion  of  the  aircraft 
which  surrounds  the  cabin  area  is  being  studied  to  determine  methods  of  effec- 
tively dissipating  crushing  loads  from  three  different  vector  directions  while 
maintaining  cabin  integrity.  Seats  and  restraint  systems  with  deceleration 
devices  incorporated  are  being  studied  that  will  absorb  energy,  remain  firmly 
attached  to  the  cabin  floor,  and  adequately  restrain  the  occupant  from  Impact 
with  the  cabin  interior.  Full-scale  mockups  of  structural  components  are  being 
used  to  verify  and  provide  corroboration  to  the  analytical  design  methods. 

In  the  development  of  aircraft  design  criteria,  a set  of  design  crash 
parameters  are  to  be  determined  from  both  FAA  field  data  and  LaRC  structural 
crash  test  data.  The  structural  crash  test  data  will  include  controlled  crashes 
at  velocities  comparable  with  the  stall  velocity  of  most  general  aviation  air- 
craft. Close  cooperation  with  other  governmental  agencies  is  being  maintained 
to  provide  inputs  for  human  tolerance  criteria  concerning  the  magnitude  and 
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duration  of  deceleration  levela  and  for  realistic  crash  data  on  survivability. 
Development  of  reliable  crashworthiness  deslp.n  methods  and  analytical  tech- 
niques for  effective  crash  protection  of  peneral  aviation  aircraft  is  the  final 
goal  of  the  LaRC  crash  safety  program. 
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Figure  2.-  Elements  of  LaRC  crash  safety  program. 
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Figure  lA.-  Simplified  structures  used 
to  corroborate  experimental  data 
with  theoretical  predictions. 
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Figure  17.-  Computer  deformation  patterns  for 
angular  frame  loaded  impulsively  with  initial 
velocity  of  89.4  m/s  (200  mph) . 


Figure  18.-  Dynamic  angular  frame  test  setup. 
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Figure  20.-  Experimental  data  .ind  '.umputcr  predictions  from 

aircraft  sctfnn  diop  teat. 
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SUMMARY 


The  thermochemical  and  flammability  characteristics  of  two  polymeric 
composites  currently  in  use  and  seven  others  being  considered  for  use  as  aircraft 
interior  panels  are  described.  The  properties  studied  included:  (1)  limiting 

oxygen  index  of  the  composite  constituents;  (2)  fire  containment  capability  of 
the  composite;  (3)  smoke  evolution  from  the  composite;  (4)  thermogravlmetric 
analysis;  (5)  composition  of  the  volatile  products  of  thermal  degradation;  and 
r toxicity  of  the  volatile  products  of  pyrolysis.  The  performance 

ot  high-temperature  laminating  resins  such  as  bismaleimldes  is  compared  with  the 
of  phenollcs  and  epoxies.  The  relationship  of  increased  fire  safety 
with  the  use  of  polymers  with  high  anaerobic  char  yield  is  shown.  Processing 
detalled*^^  ° state-of-the-art  and  the  advanced  bismaleimlde  composites  are 


INTRODUCTION 


The  purpose  of  this  program  was  to  assess  the  relative  flaramabllltv  and 
thermochemical  properties  of  some  typical  state-of-the-art  and  candidate 
e^erlmental  aircraft  interior  composite  panels,  and  to  develop  an  understanding 
ot  the  relationship  of  flammability  and  thermochemical  properties  of  these 
systems.  Specifically,  aircraft  Interior  composite  panels  were  characterized 
as  to  their  thermal  stability,  oxygen  index  of  the  composite  components,  smoke 
evolution  from  the  panels,  fire  containment  capability  or  fire  endurance, 
thermal  conductivity,  identification  of  the  pyrolysis' effluents,  relative 

toxicity  of  the  degradation  products  and  mechanical  properties  such  as  tensile 
strength. 

As  shown  in  ligure  1,  composite  sandwich  panels  constitute  most  of  the 
surface  of  aircraft  interiors  as  sidewalls,  partitions,  celling  panels,  and 
overhead  stowage  bins.  Approximately  1000  m^  of  the  surf  c area  of  a typical 
wide  body  is  made  from  composite  panels  weighing  approximate! v 1600  kg. 

Currently  used  composite  panels  meet  or  exceed  regulatory  requirements  (ref.  1) 
and  offer  excellent  aesthetic,  serviceability,  maintenance,  and  other  properties. 
However,  additional  Improvements  are  being  sought  by  Industry,  airframe  manu- 
facturers, and  government  agencies  to  reduce  ignition  susceptabillty,  fuel 
contribution,  smoke  and  toxic  fume  emission,  and  to  Increase  fire  containment 
capability  of  these  panels  In  selected  areas  such  as  lavatories  and  gal  levs 
(refs.  2-8). 
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Experimental  componltc  panela  that  could  offer  Improved  fire  resifitance  and 
amoke  reduction  in  aircraft  f Irea  are  now  heinp,  developed  and  tested.  In  thla 
proRram,  nine  different  types  of  experimental  composite  panels  were  evaluated  In 
terms  of  their  tlammablllty  (>ropeitles.  Two  ol  these  wen*  typical  state“of "the" 
art  interior  panels  and  seven  were  experimental. 

The  composite  panels  used  hy  most  airframe  manufacturers  as  Interior 
paneling  are  sandwich  panels  that  vary  slightly  In  conf Igurat Ion,  component 
composition,  thickness,  and  density  dependlnp,  on  the  tyj»e  of  aircraft  In  which 
they  are  used  and  tito  specif le  application.  In  general,  the  panel  consists  of 
a clear  polyvinyl  fluorld<*  I 11m  which  Is  hemded  to  a polyvinyl  fluoride 
decorative  film  bonded  to  a f lhergluss"resin  laminate.  The  complete  laminate 
is  bonded  to  an  aromatic  polyamide  honeycomb  core  either  when  the  prepreg  is 
uncured  or  with  a suitable  adliesive  film*  The  other  side  of  the  panel  is 
similar  except  for  the  absence  of  the  decorative  film.  The  components  of  the 
panels  are  shown  in  figure  2. 


SYMBOLS 


The  International  System  of  Units  (SI)  is  used. 

D percent  light  transmittance 

Ds  specific  optical  density,  Ds  = (^31. 58^  Log ■[ q 100 

Dm  specific  optical  density,  maximum 

LOI  limiting  oxygen  index,  02/(0,  + N^) 

TGA  thermogravimetrlc  analysis 

Yc  char  yield,  percent  weight  remaining 

Td  polymer  decomposition  temperature 


DESCRIPTIONS  OF  COMPOSITE  PANELS 


Nine  types  of  composite  panels  were  evaluated.  Three  types  of  resin 
systems  were  used  for  the  fabrication  of  the  laminates  used  in  these  composites* 
epoxy,  blsmaieimide,  and  various  modifications  of  phenolic  re.,lns.  The  exact 
formulation  for  the  phenolic  resins  was  not  available  from  tlie  manufacturers. 

The  epoxy  resin  used  was  blsphenol"A"type  cured  with  methylene  dlanlllne. 
Blsmaieimide  Is  an  addltlon"type  polylmlde  based  on  short,  preimldized  segments 
very  similar  In  nature  to  those  of  condensation  polylmides.  The  resin  is 
produced  by  mixing  a blsmaieimide  with  a diamine  at  a specified  ratio  resulting 
in  a resin  with  controlled  crosslink  density.  The  resin  pol\Tnerizes  thermally 
without  loss  of  volatiles  In  contrast  to  the  condensation  polyners  which  cure 
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with  loflH  of  water.  The  >>eneral  chemical  ntructurc  of  the  laminating  rcKinn 
ufiod  is  shown  in  figure  i.  The  components  and  composition  of  tlie  panels  are 
shown  in  tables  I- III. 

All  composites  fabrlc/ited  were  2.34  cm  thick.  Composites  1“6  had  a 
decorative  surface  of  polyvinyl  fluoride  film  printed  with  an  acrylic  Itik  and 
bonded  to  laminate  consist. nj;  cf  various  types  of  fiberglass  preln.prepnated 
with  various  typos  of  phenolic  resins.  The  lamlnateci  were  adhered  to  the 
hexagonal-cell  aromatic  polyamide  honeycomb  structure  uslnp,  various  types  of 
phenolic  resin- fiberglass  adhesive  ply.  Composite  1 was  considered  a typical 
state-of-the-art  phenolic  resin  panel. 

Resins  used  in  the  preparation  of  tlie  laminates  for  composites  1-6 
were  obtained  commercially  and  are  designated  as  plienollc  types  A through  G. 

The  decorative  laminates  of  composites  1-6  were  press-bonded  to  the 
honeycomb  using  an  adhesive  bond  ply  at  160*  C for  12  min  at  689.6  kN/M 
pressure.  The  sandwich  panel  was  then  cured  at  123  C for  1 hr  with  50  mm  Hg 
minimum  vacuum  bag  pressure. 

Composite  7 was  composed  of  a laminate  of  bismaleimide- fiberglass 
adhered  to  the  aromatic  polyamide  honeycomb  wlilch  was  filled  with  a poly- 
quinoxallne  foam  made  from  quinone  dioxime.  Processing  of  this  panel  is  as 
follows;  The  aromatic  polyamide  honeycomb  is  coated  with  a pasty  mixture  of 
quinone  dioxime-phosphoric  acid.  The  amount  (dry  ./eight)  of  coating  used  is 
approximately  0.20-0.23  g/cm^  (honeycomb  face  area)  for  a honeycomb  structure 
with  a 0.312-cm  cell  size.  After  application,  the  paste  is  air  dried.  The 
coated  honeycomb  is  heated  at  a temperature  of  150  C for  3 hr  to  form  the 
carbonaceous  char  of  polyquinoxaline,  and  any  excess  amount  is  removed  from 
the  faces  of  the  honeycomb.  Prepregs  are  prepared  using  the  bismaleimide  resin 
and  one  piece  of  181  style  E-glass  cloth  to  form  flat  laminates.  The  impreg- 
nated glass  cloth  is  dried  15  min  at  80°  C and  then  30  min  at  93  C.  The 
prepreg  is  cured  in  a press  at  180°  C for  1 hr  and  subsequently  post-cured  in 
an  oven  at  250°  C for  8 hr.  The  laminates  are  adhered  to  the  filled  honeycomb 
structure  using  a polylmide  adhesive  film  using  contact  pressure  in  a heated 
press  at  180°  C for  1 hr.  Processing  of  this  type  of  panel  has  been  described 
previously  in  detail  (refs.  9-10).  Composite  8 is  a typical  state-of-the-art 
composite  panel.  In  general,  panel  consists  of  a decorative  surface  bonded 
to  a laminate  and  a honeycomb  core.  The  process  for  producing  the  decorative 
surface  consists  of  silkscreening  the  required  decor  on  a 0.005-cm  polyvinyl 
fluoride  film  by  a continuous  web  process.  After  drying,  a 0.0025-cm  trans- 
parent polyvinyl  fluoride  film,  coated  on  one  side  with  polymethyl  methacrylate, 
is  bonded  to  the  decorative  film  to  provide  protection  for  the  printed  surface. 
This  laminate  is  then  bonded  to  one  ply  of  epoxy-pro impregnated  181  E glass  cloth 
which  may  have  a canvas  or  other  texture  applied  during  this  bonding  operation. 
Time,  temperature,  and  pressure  vary  depending  on  the  texture  applied.  The 
current  core  material  for  sandwich  paneling  is  a polyamide,  hexagonal -cell 
honeycomb  structure.  The  cell  size  varies  0.312  cm,  0.625  cm,  or  0.937  cm 
depending  upon  strength  and  application  requirements.  The  current  method  of 
bonding  the  skins  to  the  core  consists  of  using  on  epoxy  resln-prelmpregnated 
bond  ply  over  which  Is  applied  the  181  E glass  cloth/polyvlnyl  fluoride  decorative 
laminate.  The  resin  In  the  bond  ply  provides  the  adhesive  to  bond  the  skin  to 
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the  honeycomb  and  the  decorative  laminate  to  the  bond  ply.  Curing  Is  accomplished 
at  100*  C with  50  cm  Hg  minimum  vacuum  bag  pressure.  For  panels  requiring 
decorative  laminates  on  one  side  only,  the  bond  ply  provides  the  backside  skin. 
Edge  close-outs  consist  of  either  polyurethane  foam  or  a phenolic  mlcroballoon- 
fllled  epoxy  potting  compound.  Processing  of  this  type  of  panel  has  been 
described  previously  In  detail  (refs.  9,  11,  and  12). 

The  weight  distribution  of  the  panel  components  and  some  of  the  thermo- 
chemical  pxjpertles  of  these  components  were  determined.  These  Included 
anaerobic  char  yield,  polymer  decomposition  temperature,  and  limiting  oxygen 
Index.  It  can  be  seen  In  table  IV  that  with  the  exception  of  the  honeycomb  and 
glass,  the  other  components  have  a fairly  low  char  yield  and  a corresponding  low 
oxygen  Index. 

Composite  9 was  similar  to  composite  7 except  that  the  blsmalelmlde- 
flberglass  honeycomb  used  is  partially  filled  with  a syntactic  foam  consisting 
of  a mixture  of  carbon  microballoons  and  blsmaleimlde  resin.  The  prepregs  for 
the  facesheets  are  prepared  in  a manner  similar  to  that  described  previously  for 
c<^mposlte  7.  The  core  consists  of  a blsmaleimlde- fiberglass  honeycomb  filled 
with  carbon  microballoons  bound  with  blsmaleimlde  resin.  The  carbon  microballoons 
are  prepared  by  pyrolyzing  phenolic  microballoons  in  a nitrogen  atmosphere.  A 
stain’ -iss  steel  container  is  filled  with  phenolic  microballoons  and  enclosed  In 
a larger  stainless  steel  container  with  a nitrogen  Inlet  to  provide  an  oxygen- 
free  atmosphere.  The  assembly  is  placed  in  a larger  furnace.  The  pyrolysis 
cycle  is  as  follows:  room  temperature  to  816°  C in  4 hr,  hold  at  816°  C for 

4 hr,  and  cool  to  room  temperature  in  2 days.  Pyrolyzed  carbon  microballoons 
must  be  cooled  to  38°  C before  removal  of  the  nitrogen  blanket  to  prevent 
spontaneous  Ignition  of  the  carbon  microballoons.  After  pyrolysis,  the  carbon 
microballoons  are  no  longer  free-flowing  and  are  agglomerated  as  large  cakes. 

To  break  them  into  smaller  agglomerates,  the  cake  microballoons  are  placed  In 
a container  with  isopropanol  (ratio  of  1 kg  balloons/7  liters  solvent)  and 
mixed  in  a paint  shaker  for  15  min.  The  slurry  is  then  screened  through  a 
20-mesh  screen  to  remove  the  larger  non-separated  agglomerates.  The  screened 
Isopropanol/carbon  microballoon  slurry  is  now  ready  for  core  Impregnation.  The 
processing  cycle  for  this  composite  is  shown  in  figure  4. 

The  equipment  shown  in  figure  5 is  used  to  fill  the  cores  of  the  flberglass- 
blsmalelmlde  honeycomb  with  the  prepared  carbon  microballoons.  A hlgh-denslty 
0.3-cm  cell  aluminum  honeycomb  is  fitted  and  restrained  on  the  bottom  inside  of 
the  vacuum  filling  box.  A nylon  screen  (120  mesh)  is  placed  between  the  altuninum 
support  honeycomb  and  the  fiberglass-reinforced  polylmlde  honeycomb  to  retain 
the  microballoons.  High  vacuum  Is  not  required  to  effectively  Impregnate  the 
honeycomb,  but  a high  volume  of  air  displacement  is  required.  A vacuum 
reservoir  chamber  Is  pumped  to  a vacuum  of  approximately  10  mm  Hg.  The  filled 
honeycomb  cores,  sandwiched  between  two  nylon,  fine-mesh  screens  and  between 
two  aluminum  support  honeycombs,  are  dried  for  16  hr  In  an  alr-clrculatlng 
oven  at  93°  C.  After  drying,  the  microballoon  fill  is  saturated  with  a solution 
of  blsmaleimlde  resin  in  N-methyl-2-pyrolidone  solvent.  The  foamed  honeycomb 
Is  heated  for  2 hr  at  93°  C and  for  1 hr  at  204°  C to  completely  cure  the 
blsmaleimlde  binder.  For  the  microballoon  resin  combination,  the  resin  by 
weight  Is  approximately  4-10  percent. 
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The  asBerably  of  the  sandwich  panel  consists  of  bonding  the  face  sheets  to 
the  microballoon-f tiled  fiberglass  bisnialeimlde  honeycomb  panel  with  a polyimide 
film  adhesive.  The  assembly  is  then  placed  in  a platen  press  at  20A"  C and  cure 
for  2 hr  at  700  kN/m2.  Afterward,  the  panel  is  cured  for  24  hr  at  254®  C to 
remove  volatile  materials  and  to  achieve  reduced  smoke  characteristics. 


TEST  RESULTS  AND  ANALYSIS 


Thermochemical  Characterization  of  Composites 

Samples  of  the  nine  types  of  composites  were  cut  to  a size  of  2.5  cm  x 
2.5  cm  X 2.5  cm  and  were  ground  uniformly  to  approximately  250  mesh.  The 
samples  were  subjected  to  the  following  thermochemical  studies  in  order  to 
(1)  determine  the  relative  thermal  stability  of  the  samples  under  anaerobic  and 
oxidative  conditions,  (2)  determine  the  major  volatile  products  produced  from 
the  pyrolysis  of  the  samples  in  vacuum,  and  (3)  determine  the  relative  toxicity 
of  the  pyrolysis  effluents  by  exposing  animals  to  them. 


Thermogravimetric  Analyses 

Thermal  analyses  of  the  composites  were  conducted  on  a DuPont  950  thermo- 
gravimetric analyzer  (TGA)  using  both  nitrogen  and  air  atmospheres  with  a 
sample  size  of  10  mg.  The  thermogravimetric  analyses  data  of  10®  C/mln  heating 
rate  in  nitrogen  is  shown  in  figure  6. 

The  pyrolysis  of  the  samples  in  air  and  nitrogen  atmospheres  was  conducted 
to  obtain  a relative  understanding  of  the  pyrolysis  of  the  samples  In  the  furnace 
used  to  pyrolyze  samples  for  assessing  their  relative  toxicity  as  described 
later  in  the  text.  Pyrolysis  in  an  air  atmosphere  is  Intended  to  approximate 
the  environment  in  the  pyrolysis  tube  at  the  start  of  the  toxicity  test,  and 
pyrolysis  in  a nitrogen  atmosphere  is  Intended  to  approximate  the  environment 
in  the  pyrolysis  tube  during  the  test  after  the  original  air  has  been  essentially 
displaced  by  pyrolysis  effluent.  The  degradation  products  are  continuously 
removed  from  the  sample  during  thermogravimetric  analysis,  and  in  the  relative 
toxicity  test  apparatus  described  later,  they  are  conveyed  only  by  normal 
thermal  flow*  The  TGA  data  in  the  nitrogen  atmosphere  are  considered  more 
relevant  because  in  the  toxicity  apparatus,  the  pyrolysis  effluents  that 
evolved  at  lower  temperature  have  essentially  displaced  the  original  air  by  the 
time  the  temperature  has  reached  700®  C. 

Composite  9 is  the  most  stable  composite  and  gives  the  highest  char 
yield  in  nitrogen.  The  thermogravimetric  analyses  data  in  air  are  shown  in 
figure  7.  All  the  composites  except  composite  7 were  oxidized  completely 
in  air  above  600®  C and  gave  constant  weight  residues. 
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Analysis  of  Volatile  Products 

Samples  of  the  composites  were  pyrolyzed  to  determine  the  degradation 
products.  The  apparatus  for  the  pyrolysis  is  shown  in  figure  8.  The  samples 
were  placed  in  quartz  tubes  that  were  2.5  mm  in  diameter.  Each  sample  tube  was 
attached  to  a manifold  and  evacuated  to  10*^  torr.  A stopcock  was  Inserted 
between  the  manifold  and  the  sample  tube  so  that  the  sample  tube  could  be 
isolated  while  gas  samples  were  being  collected.  An  infrared  cell  was  attached 
to  the  manifold  via  a stopcock;  a mercury  manometer  and  a trap  were  also 
attached  to  the  manifold.  At  the  beginning  of  a pyrolysis  run,  the  stopcock 
to  the  vacuum  pump  was  closed,  and  a furnace  at  700®  C was  placed  around  the 
sample  tube.  At  this  point,  a timer  was  started.  The  pressure  of  the  gases 
evolved  during  the  pyrolysis  was  monitored  with  the  pressure  gauge.  After  5 min 
the  furnace  was  removed,  th^  stopcock  to  the  sample  tube  was  closed,  and  the 
stopcock  leadiOo  to  the  infrared  cell  was  opened  allowing  the  pyrolysis  gases 
to  enter  the  infrared  cell.  After  a pressure  reading  was  taken,  the  stopcock 
leading  from  the  infrared  cell  to  the  gas  manifold  was  closed.  Dry  air  was 
admitted  to  the  infrared  cell  so  that  the  total  pressure  was  equal  to  atmos« 
pheric  pressure.  This  was  done  so  that  the  pyrolysis  gases  were  always  measured 
at  the  same  <-ctal  pressure,  the  main  portion  of  which  was  dry  air,  thus 
eliminating  the  effects  of  pressurr*  broadening.  Infrared  spectra  were  taken 
using  a Perkin  Elmer  Model  180  infrared  spectrometer.  Finally,  the  sample  tube 
was  removed  from  the  manifold,  broken  open,  and  the  residual  char  was  weighed. 

Part  of  the  material  that  was  volatile  at  700®  C condensed  on  the  sample 
tube  as  it  was  removed  from  the  furnace.  The  analysis  of  this  material  is  not 
Included  in  the  data  presented. 

Table  V shows  the  results  of  the  analysis  of  the  volatile  species  in  terms 
of  mllliequlvalents.  These  results  were  obtained  from  samples  that  were 
pyrolyzed  in  a vacuum.  A considerably  different  distribution  of  products  might 
have  been  obtained  had  the  samples  been  pyrolyzed  in  air,  in  which  case  the 
products  would  be  a function  of  the  partial  pressure  of  oxygen  at  the  sample, 
the  temperature  of  pyrolysis,  and  time  that  it  took  the  sample  to  reach  the 
pyrolysis  temperature.  It  can  be  seen  that  the  maximum  amount  of  volatiles 
analyzed  accounted  for  only  18  percent,  and  additional  compounds  may  be  present 
either  In  the  solid  particulates  or  in  the  condensates.  The  same  volatile 
products  are  shown  in  table  VI  in  terms  of  milligrams  of  volatile  compound  per 
gram  of  initial  sample. 


Thermal  Efficiency 

Tlie  NASA  Ames  T*3  thermal  test  (ref.  13)  was  used  to  determine  the  fire 
endurance  or  fire  containment  capability  of  the  composite  panels.  The  apparatus 
is  shown  in  figure  9.  In  this  test,  specimens  measuring  25  cm  x 25  cm  x 2.54  cm 
thick  are  mounted  in  the  chamber  and  thermocoupled  on  the  backface  of  the 
specimen.  The  flames  from  an  oil  burner,  supplied  with  approximately  5 11  ter/hr 
of  JP-4  jet  aviation  fuel,  provide  heat  flux  to  the  frotit  face  of  the  siiraple  in 
the  range  of  10.4*11.9  W/cm^.  Thermocouples  are  placed  on  the  back  of  the 


396 


1 


r 

1 

\ 

t 

t 

1 

1 1 

i 

1 

1 

1 

1 

f ^ 

1 ■ i 

composite  panel  to  determine  the  temperature  rise  as  a function  of  time.  The 
heat  flux  produced  In  this  burn  is  approximately  five  to  seven  times  as  high  as 
that  which  would  normally  be  encountered  in  a compartment  fire.  The  test  was 
primarily  designed  for  exterior  fuel-fed  fires,  but  It  is  very  useful  in  the 
comparative  assessment  of  the  fire  containment  capabilities  of  .aircraft  interior 
composite  panels. 

The  fire  endurance  capability  of  the  composite  panels  is  compared  in 
figures  10,  11,  and  12.  The  backface  temperature  rise  of  the  panel  is  plotted 
as  a function  of  the  time  in  minutes  when  the  sample  is  subjected  to  this  type 
of  fire.  The  dotted  line  is  the  furnace  temperature  in  the  front  surface  of 
the  panel.  It  can  be  seen  in  figure  12  that  the  backface  temperature  of  the 
conventional  composite  8 reached  200®  C in  2.5  min,  whereas,  it  took  as 
long  as  8 min  for  the  bismalelmlde  composites  7 and  9 to  reach  a comparable 
backface  temperature. 


Oxygen  Index 

The  oxygen  index  of  the  components  comprising  the  composites  was  determined 
per  American  Society  of  Testing  and  Materials,  Test  Method  D-2863.  The  values 
indicated  in  table  VII  are  for  the  laminated  or  composite  components  as  they  are 
used  in  the  sandwich  composite  and  not  for  the  individual  polymers.  It  can  be 
seen  that  the  laminated  facesheets  consisting  of  the  bismaleimide  resin  offer 
the  highest  oxygen  index  as  compared  with  the  phenolic  and  epoxy  facesheets;, 

In  addition,  the  filler  foams  utilized  in  the  honeycomb  structure  have  a very 
high  oxygen  index.  Among  the  phenollcs,  composite  6 exhibited  the  highest 
oxygen  index. 


Smoke  Evolution 

Smoke  evolution  from  the  composites  was  determined  using  NBS-Aminco  smoke 
density  chambers  at  two  laboratories;  laboratory  A and  laboratory  B.  The 
procedure  and  test  method  used  were  essentially  those  described  by  NFPA  258-T 
(ref.  14).  A detailed  description  of  the  NBS  smoke  chamber  can  be  found  inS- 
reference  15.  ^ 

The  test  results  obtained  with  the  NBS  smoke  chamber,  modified  by  tlie 
incorporation  of  an  animal  module  accessory  (ref.  16),  are  presented  in 
table  VIII.  Values  of  specific  optical  density  (Ds)  at  1.5  min,  4.0  min,  and 
specific  optical  density  maximum  (Dm)  are  presented;  standard  deviations  are 
also  given. 

Composites  1 and  8 represented  the  state-of-the-art  baseline  materials. 

All  the  other  composites  exhibited  significantly  lower  smoke  density  values, 
indicating  that  the  phenolic  and  bismaleimide  offer  the  advantage  of  smoke 
reduction. 

A comparison  of  the  Ds  values  obtained  by  the  two  laboratories  is  presented 
in  table  IX.  In  addition  to  possible  differences  in  apparatus  at  the  two 


397 


PAPP  ro 


■n 


I i 

i 

i 

f 


laboratories,  the  calculation  procedures  were  slightly  different*  In  labora- 
tory A,  the  Ds  values  were  obtained  from  individual  test  data  and  then  averaged. 
In  laboratory  B,  an  average  curve  was  generated  by  computer  from  the  data  of 
the  individual  tests,  and  the  Ds  values  were  obtained  from  the  computer-averaged 
curve.  The  smoke  density  of  composite  panels  similar  to  composite  8 has  also 
been  evaluated  by  Sarkos  (ref.  17).  Composition  of  the  panel  was  essentially 
the  same  as  composite  8 except  the  panel  was  0.70  cn  thick.  The  maximum 
smoke  level.  Dm  (corrected)  was  54  whereas  the  average  in  the  present  studies 
was  58.7. 


Relative  Toxicity 

Efforts  to  obtain  relative  toxicity  information  by  using  the  NBS  smoke 
chamber  with  the  animal  module  accessory  were  unsuccessful.  The  mice  and  rats 
exposed  during  the  standard  smoke  tests  showed  no  evidence  of  death  or  even 
incapacitation  (ref.  16).  The  heat  flux  of  2.5  W/cm^  used  in  the  standard  test 
procedure  appears  to  be  incapable  of  producing  sufficient  effluents  from  these 
high-performance  materials. 

Tests  were  conducted  utilizing  the  NASA  animal  exposure  chamber  shown  in 
figure  13  in  order  to  determine  the  relative  toxicity  of  the  composites.  The 
chamber  is  constructed  from  polymethylmethacrylate  and  has  a total  free  volume 
of  4.2  liters;  2.8  liters  are  available  for  animal  occupancy.  The  chamber  is 
fitted  with  probes  for  pyrolysis  gas  sampling  and  for  an  oxygen  analyzer.  In 
addition,  the  temperature  in  the  chamber  is  monitored  utilizing  the  thermometer 
indicated. 

The  upper  dome  section  is  removable  and  is  connected  to  the  base  section  by 
means  of  a conventional  toggle  snap  ring;  the  joint  is  sealed  by  an  0-ring.  The 
upper  end  of  the  dome  section  is  provided  with  an  aperture  so  that  test  gas  can 
flow  completely  through  the  chamber  if  desired,  using  the  gas  inlet  passage  in 
the  base  as  the  other  aperture.  In  these  experiments,  tl^e  gas  outlet  was 
connected  to  a bubbler  to  permit  venting  of  pressure  exceeding  2.54  cm  of  water, 
and  to  prevent  entry  of  fresh  air. 

The  sample  material  is  pyrolyzed  in  a quartz  tube,  closed  at  one  end  with 
a cap  and  connected  at  the  other  end  to  the  animal  exposure  chamber.  A hori- 
zontal tube  furnace  is  used  for  pyrolysis,  and  the  pyrolysis  effluents  are 
conveyed  to  the  animal  exposure  chamber  by  normal  thermal  flow.  A perfonited 
plate  or  barrier  of  polymethylmethacrylate  prevents  movement  of  mice  into  the 
pyrolysis  or  connecting  tube.  The  chamber  design  and  the  activity  of  the 
freely  moving  mice  promote  distribution  of  the  gases  within  the  chamber. 

A connecting  tube  between  the  furnace  and  tlie  chamber  is  \ilili;:ed  wiiich 
reduces  the  possibility  of  a significant  temperature  increase*  in  tiie  .animal 
exposure  chamber  and  reduces  conduction  of  heat  to  the  chamber  itself,  l>ut  it 
also  represents  dead  space  and  additional  travel  distance  atul  provides 
opportunity  for  condensation  and  absorption  on  the  innt‘r  surlace  i>l  tiie  tube 
and  absorption  In  any  condensate  present.  The  procedure  fur  tin*  a s^ssment  of 
relative  toxicity  has  been  described  prcvii>usly  in  di*tail  (rt*f.s.  and  19). 
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To  provide  an  indication  of  relative  toxicity,  1.0  k of  c.-’ch  of  tin* 
powdered  specimens  of  the  composites  was  pyrolyzed  at  a heating  rate  of 
40®  C/min  in  a quartz  tube  to  an  upper  temperature  limit  of  700®  C,  and  tlie 
effluents  conveyed  by  natural  thermal  flow  into  the  chamber  containing  four 
Swiss  albino  male  mice.  The  test  was  continued  for  30  min,  unless  terminate.! 
earlier  upon  the  death  of  all  four  animals.  Tlie  highest  chamber  temperature 
recorded  was  29.5®  C,  indicating  that  the  pyrolysis  gases  were  adequately  cooled 
before  entering  the  animal  exposure  chamber.  Some  condensation  of  higher  boiling 
vapors  in  the  connecting  tube  was  observed,  and  some  of  the  effluent  gases 
entered  the  animal  exposure  chamber  as  visible  heavy  vapors,  indicating  tliat 
some  higher  boiling  compounds  did  reach  the  animals  and  were  not  lost  entirely 
by  cooling.  The  lowest  oxygen  concentration  recorded  was  12  percent.  Indicating 
that  hypoxia  was  not  a significant  factor  in  animal  response.  Tlie  relative 
toxicity  to  mice  of  the  degradation  products  from  the  powdered  composites  when 
heated  in  this  manner  is  shown  in  table  X in  terms  of  time  to  Incapacitation  and 
time  to  death. 

During  the  30~mln  exposure  period,  composite  9 caused  no  deaths  in  the 
test  animals.  The  other  composites,  that  is,  1-8,  caused  death  to  all  of  the 
animals  in  times  ranging  from  19.65  min  to  28.31  min. 

The  test  time-to-death  was  judged  as  the  time  elapsed  at  cessation  of 
movement  and  respiration  of  the  first  test  animal  as  judged  by  the  observer. 

Time  to  incapacitation  was  judged  as  the  time  to  the  first  observation  of  loss 
of  equilibrium,  collapse,  or  convulsions  in  any  one  of  the  animals,  whichever 
came  first.  As  a comparison,  1.0  g of  wool  fabric  causes  death  to  four  mice  in 
approximately  9.5  min  when  tested  in  a similar  manner. 


Correlation  of  Oxygen  Index  and  Smoke  Evolution  to  Char  Yield 

Parker  et  al.  (ref.  20)  have  shown  a correlation  between  the  flanunabil ity 
properties  of  polymers  and  their  char  yield.  A decrease  in  ease  of  ignition 
and  smoke  evolution  was  observed  with  high  cliar  yield  polymers.  The  same 
relationship  seems  to  exist  with  composites  consisting  of  polymers  and  inorganic 
reinforcements. 

The  smoke  density  and  relative  anaerobic  char  yield  of  these  composites 
was  compared.  It  can  be  seen  in  figure  14  that  in  general,  composites  with  high 
char  yield  had  fairly  low  smoke  evolution. 

The  limiting  oxygen  index  of  these  composites  was  compared  with  their 
relative  anaerobic  char  yield.  It  can  be  seen  in  figure  15  that  'n  general, 
composites  with  very  high  char  yield  e.xhiblted  a higli  limiting  oxygen  index. 


T1 1 e r mo  p h y s i c .a  1 Properties 

The  thermophysical  properties  of  tlie  state-of-the-art  and  one  advanced 
composite  are  summarized  in  table  XI.  Tlie  tlii’iinal  conductivity  of  composite 
8 was  significantly  higher  than  that  of  composite  9,  probablv  due  to  the 
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abKence  of  any  Insulative  material  in  the  honeycomb.  The  flatwise  tensile 
strength  was  slightly  lower. 


CONCLUDING  REMARKS 

Composite  9,  consisting  of  blsmaielmide- fiberglass /blsmalelmlde 
honeycomb  with  carbon  microballoons,  exhibited  the  highest  fire  containment 
capability. 

Advanced  composite  panels  consisting  of  PVF/phenolic-f iberglass/aromatic 
polyamide  honeycomb/phenolic'fiberglass  (composites  2*6)  and  composites  7 
and  9 exhibited  lower  smoke  evolution  than  the  state“of-the*art  composite  8. 

The  results  from  the  toxicity  experiments  indicated  that  the  relative 
toxicity  of  the  pyrolysis  products  of  composite  9 was  the  lowest  of  all  the 
composites  tested.  It  should  be  realized,  however,  that  these  toxicity  measure* 
ments  are  only  relative,  and  no  definite  conclusions  may  be  drawn  from  these 
studies.  The  methodology  developed  for  assessing  the  relative  toxicity  is 
primarily  designed  for  pure  polymers  and  not  for  composite  systems  consisting 
of  various  polymers  and  fibers.  Additional  studies  are  being  initiated  to 
expose  these  composite  constructions  intact  to  a radiative  panel  heat  source 
and  thus  evaluate  the  relative  toxicity  of  the  composite  degradation  products. 

No  definite  correlation  was  found  between  the  concentration  of  the  toxic 
pyrolysis  products  of  the  composites  and  their  relative  toxicity  to  animals, 
indicating  possibly  that  additional  toxic  species  may  be  present  both  in  the 
volatile  gases,  which  accounted  for  only  18  percent  of  the  degradation  products, 
and  in  the  solid  particulates.  Additional  studies  will  be  conducted  using 
both  gas  chromatography  and  mass  spectrometry  to  Identify  these  compounds  and 
their  relative  concentrations. 
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TABLE  1.-  COMPOSITION  OF 


Component  1 


Decorative  surface, 
cm  thick,  percent 
weight 

0.002  PVF  clear 
acrylic  Ink, 
0.005  PVF 

Face  sheet,  resin/ 
fabric,  percent 
weight 

Phenolic  type 
A/7581  glass 

Bond  sheet,  resin/ 
fabric,  percent 
weight 

Phenolic  type 
B/120  glass 

Core  type; 
thickness,  cm; 
cell  size,  cm; 
density,  kg/m^ 

Aromatic  polyamide 
paper  honeycomb; 
2.413;  0.31;  48.06 

Core  filler; 
density,  k.’/n^ 

None 

Same  as  C 

Same  as  1-C 

Same  as  B 

Same  as  1"C 

Same  as  A 

None 

Composite  density, 
kg/m3 

72.410 

Phenolic  type  Same  as  2-B 
C/7581  glass 


Phenolic  type  Phenolic  type 

D/120  glass  C/120  glass 


Same  as  1 *D  Same  as  1 “D 


None 

Same  as  2-C 
Same  as  2-C 
None 
79.138 


None 

Same  as  3“C 
Same  as  3-C 
None 
70.488 


TABLE  IX.-  COMPOSITION  OF  COMPOSITES  4-6 


Composite 

Component 

4 

5 

6 

A.  .IJfecoratlvo  surface, 
cm  thick,  percent 
welftht 

0.002  PVF  clear 
acrylic  Ink, 
0.005  PVF 

Same  as  4-A 

Same  as  4-A 

B,  Face  sheet,  resin/ 
fabric,  percent 
weight 

Phenolic  type 
E/7581  glass 

Phenolic  type 
F/7581  glass 

Phenolic  type 
G/7581  glass 

C.  Bond  sheet,  resin/ 
fabric,  percent 
weight 

Same  as  4-B 

Phenolic  type 
F/120  glass 

Phenolic  type 
G/120  glass 

b.  Core  type; 

thickness,  cm; 
cell  size,  cm; 
density,  kg/m3 

Aromatic  polyamide- 
paper  honeycomb: 
2.413;  0.31;  4d.06 

Same  as  4-D 

Same  as  4-D 

E.  Core  filler; 
density,  kg/m3 

None 

None 

None 

F.  Same  as  C 

Phenolic  type  E 

Same  as  5-C 

Same  as  6-C 

G.  Same  ' B 

Same  as  4-F 

Same  as  5-C 

Same  as  6-C 

U.  l^aroe  as  A 

None 

None 

None 

Composite  density 
kg/m3 

76.575 

76.095 

70.968 
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TABLE  III.-  COMPOSITION  OF  COMPOSITES  7-9 


Component 

7 

Composite 

8 

9 

A,  Decorative  surface 
cm  thick,  percent 
weipht 

None 

0.002  PVF 
acrylic  Ink, 
0.005  PVF 

None 

B.  Face  s'leet,  resin/ 
fabric,  percent 
weight 

BlsmaluimIde/120 

glass 

Epoxy  type 
H/181  E glass 
B + C - 35.9 
percent 

Bismaleimlde/ 
181  E glass 
B + r,  a 14.1 
percent 

C.  Bond  sheet,  resin/ 
fabric,  percent 
weight 

Polylmldc 

adhesive 

Epoxy  type 
H/120  glass 

Same  as  7-C 
C + F = 5.1 
percent 

D.  Core  type; 

thickness,  cm; 
cell  size,  cm; 
density,  kg/m3^ 
percent  weight 

Aromatic  polyamide- 
paper  honeycomb; 
2.413;  0.31;  48.06 

Same  as  7-D 
2.413,  0.31; 
48.06;  20.5 
percent 

Blsmalelmlde- 
glaas  honeycomb 
2.413;  0.47; 
80.1;  30.3 
percent 

E.  Core  filler; 

density,  kg/cm3, 
percent  weight 

Qulnone  di oxime 
foam 

None 

Carbon  micro 
balloons  with  5 
percent 
blsmalelmlde; 
112;  50.5 
percent 

F.  Same  as  C 

Same  as  7-C 

Same  as  7-C 
F + G = 35.9 
percent 

Same  as  7-C 

G.  Same  as  B 

Same  as  7-B 

Same  as  7-B 

Same  as  9-B 

H.  Same  as  A 

None 

Same  as  7-A 
A + H » 7.7 
percent 

None 

Composite  density, 
kg/m3 

110 

95 

130 

TABLE  IV.-  TYPICAL  PROPERTIES  OF  COMPONENT  MATERIALS 
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TABLE  V.-  MAJOR  PRODUCTS  AT  23®  C FROM  THE  PYROLYSIS  OF  COMPOSITES  IN 


flj  0 

•-»  01  O 
O 0* 


WIOWAB  PAGE  m 
* POOK  QUALr 


initial  vt. 


TABLE  VI.-  MAJOR  VOLATILE  PRODUCTS  AT  23“  C FROM  THE  PYROLYSIS 
OF  COMPOSITES  IN  VACUUM  AT  700“  C FOR  5 MIN 


Qtiantlty^ 


CompoBlte 

CO2 

CO 

CH. 

4 

HCN 

V6  ™3 

»2 

1 

88.9 

10.1 

11.8 

6.5 

3.9 

3.3 

2 

67.8 

15.1 

20.2 

8.6 

4.7 

3.5 

3 

84.9 

14.0 

14.7 

7.6 

3.1 

4.3 

4 

97.7 

14.3 

17.0 

7.0 

4.7 

3.2 

5 

83.2 

14.6 

14.4 

7.0 

3.3 

3.9 

6 

84.5 

11.8 

12.8 

5.9 

4.8 

3.4 

7 

79.6 

9.0 

4.2 

4.9 

3.1  4.8 

0.3 

8 

85.5 

6.2 

9.4 

3.2 

4.1 

1.2 

9 

155.3 

14.3 

1.3 

5.9 

3.6 

Milligrams 

of  volatile  compound 

at  23“ 

C per 

gram  of  initial  sample. 
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TABLE  VII.-  LIMITING  OXYGEN  INDEX  FOR  COMPOSITE  COMPONENTS 


Composite 

Composite  component 

LOI  0 23“  C 
02/(N2  + O2) 

1 

PVF,  phenolic  A/7581  glass,  phenolic  B/120  glass 

27 

aromatic  polyamide-paper 

32 

phenolic  A/7581  glass,  phenolic  B/120  glass 

26 

average 

28.3 

2 

PVF,  phenolic  C/7581  glass,  phenolic  D/I20^ glass 

45 

aromatic  polyamide-paper 

32 

phenolic  C/7581  glass,  phenolic  D/120  glass 

32 

average 

36.3 

3 

PVF,  phenolic  C/7581  glass,  phenolic  C/120  glass 

38 

aromatic  polyamide -paper 

32 

phenolic  E/120  glass  (2  plies) 

33 

average 

35.3 

4 

PVF,  phenolic  E/7581  glass,  phenolic  F/120  glass 

47 

aromatic  polyamide-paper 

32 

phenolic  E/120  glass  (2  plies) 

30 

average 

35.3 

5 

PVF,  phenolic  F/7581  glass,  phenolic  F/120  glass 

44 

aromatic  polyamide-paper 

32 

phenolic  F/120  glass  (2  plies) 

32 

average 

36 

6 

PVF,  phenolic  G/7581  glass,  phenolic  G/120  glass 

74 

aromatic  polyamide-paper 

32 

phenolic  G/120  glass  (2  plies) 

36 

average 

47.3 

7 

Blsmalelmide/120  glass/polyimide 

99 

aromatic  polyamide-paper 

32 

qulnone  dioxime  foam 

100 

bi8tnaleimide/120  glass/polyimide 

99 

average 

82.5 

8 

PVF,  epoxy  H/181E  glass,  epoxy  H/120  glass 

29 

aromatic  polyamide-paper 

32 

epoxy  H/181  glass,  epoxy  H/120  glass 

28 

average 

29.6 

9 

Blsmaleimide/181E  glass/polyimide 

62 

bismalelmide/glass 

58 

carbon  mlcroballoons/bismaleimide 

85 

bismalelmlde/IBI  glass/polyimide 

62 

average 

66.7 
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TABLE  IX.-  SMOKE  EVOLUTION  FROM  COMPOSITE  PANELS  FROM  TWO  CHAMBERS 


‘nbS  smoke  chamber,  2.5  N/cm^,  flaming 
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TABLE  X.-  RELATIVE  TOXICITY  OP  PYROLYSIS  PRODUCTS 
PROM  COMPOSITE  PANELS® 


Panel 

Test 

Time  to  incapacitation, 

Time  to  death. 

min 

min 

1 

1 

18.1 

28.31 

± 

1.67 

2 

21.9 

25.21 

± 

3.51 

3 

16.3 

25.83 

± 

1.02 

4 

18.9 

22.90 

± 

1.42 

M^n 

18.8 

25.56 

± 

2.76 

2 

1 

20.9 

26.74 

± 

.89 

2 

21.0 

24.90 

± 

.11 

Mean 

21.0 

25.82 

± 

1.13 

3 

1 

19.0 

24.52 

± 

.69 

2 

22.1 

25.35 

± 

.97 

Ifean 

20.6 

24.94 

± 

.90 

4 

1 

20.5 

24.17 

+ 

3.01 

2 

19.3 

23.48 

± 

.31 

Mean 

19.9 

23.82 

± 

2.01 

5 

1 

20.3 

26.18 

± 

1.83 

2 

19.7 

22.48 

± 

.52 

Mean 

20.0 

24.33 

± 

1.17 

6 

1 

17.1 

19.65 

± 

.31 

2 

20.9 

22.90 

± 

.96 

Mean 

19.0 

21.28 

± 

.63 

7 

1 

22.8 

27.40 

± 

1.46 

2 

24.8 

28.28 

± 

.70 

Mean 

23.8 

27.84 

± 

1.16 

8 

1 

18.5 

27.50 

± 

1.86 

9 

1 

8.7 

N.I 

».b 

2 

N.I. 

N.I 

0 

Pour  Swiss  albino  mice  in  4.2  liter  exposure  chamber,  30  mir  exposure;  1.0  g 
powdered  specimens  pyrolyzed  at  40  C/min  to  700*  C. 

**N.D.  - No  deaths. 

®N.I.  - No  incapacit.  ^ion  observed. 


412 


TABLE  XI.-  PROPERTIES  OF  COMPOSITES  8 AND  9 
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TABLE  XI.-  Concluded 


percent  weight  remaining  at  700®  C 51.0  73  5 

10®  C/min) 


Compotitet  1—6 


Phenolic 


Composite  8 


Composites  7 and  9 
Bismaleimide 


Figure  3.-  Chemical  structure  of  laminating  resins 


•BrMk-up  calcini 
•Otapgfomtratt 
• SCfMtt 


• Vacuum  Imprcgnata 

• Dryer  C 
•Waigh 


• Dilute  blsmataimiila 
solution 
•Brush 

•Cura  2 hr  9 204''  C 


• Polylmide  adhasiva 
•Pratt  cure 

• 17r  C 
•Postcura 
•2hr«264''C 


Figure  4.-  Fabrication  process  for  composite  9. 


Figure  5.-  Honeycomb  core  impregnation  equipment 


T«m|ie»«ture.  C 


Figure 


Figure 
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Dynamic  thermograph  of  composites  1-9  (heating  rate  10®  C/mln,  N2). 


Dynamic  thermograph  of  composites  1-9  (heating  rate  10*^  C/min,  air) 


OniGlNAU  eAGB  IS 
Ot*’  POOH  CIUAUI’Y 


To  ¥aeuum 
pump 


Figure  9.-  NASA  Ames  T-3  thermal  efficiency  apparatus. 
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Conipo&itu  backfaco 
turn  pur  ill  uro 
Fiirnaue  tumijurature 

Heat  flux: 

Composite  (1)  10.8  11.9  W/cm^ 

'?)  11,4  11.1  W/cm^ 

'31  11.4  13.2W/cm2 

-J 1 1 J 1 .1 I I L- 

1 234b  (>789 

ExtJusure*  min 

Fij’ure  lO.-  Thermal  c*ft  iciency  ol  composites  1—3 


12340  0 789 

Exposure,  mir> 


Figure  ll*-  Thermal  efficiency  of  composites  4-6 


Figure  12.-  Thermal  efficiency  of  composites  7-9. 


Figure  13.-  Pyrolysis  toxicity  apparatus. 


Percent  weight  remaining  at  800°  C (N2, 10°  C/min) 


Figure  14.-  Effect  of  char  yield  of  composites  on  smoke  evolution. 


Percent  weight  remaining  at  800°  C(N2,  10'  C/min) 


Figure  15.-  Effect  of  char  yield  of  composites  on  limiting  oxygen  index 
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CONCEPTS  FOR  IMPROVING  TURBINE  DISK  INTEGRITY 

Albert  Kaufman 
NASA  Lewis  Research  Center 

SUMMARY 

The  trend  toward  higher  turbine-blade  tip  speeds  and  inlet  gas  temperatures  makes 
it  increasingly  difficult  to  design  reliable  turbine  disks  that  can  satisfy  the  life  and  per- 
formance requirements  of  advanced  commercial  aircraft  engines.  Containment  devices 
to  protect  vital  areas  such  as  the  passenger  cabin,  the  fuel  lines,  and  the  fuel  tanks 
against  high-energy  disk  fragments  would  impose  a severe  performance  penalty  on  the 
engine.  The  approach  taken  in  this  study  was  to  use  advanced  disk  structural  concepts 
to  improve  the  cyclic  lives  and  reliability  of  turbine  disks.  Analytical  studies  were  con- 
ducted under  NASA  contracts  by  the  General  Electric  Company  and  Pratt  & VTiitney  Air- 
craft to  evaluate  bore-entry  disks  as  potential  replacemraits  for  the  existing  first-stage 
tuibine  disks  in  the  CF6-50  and  JT8D-17  engines.  Results  of  low-cycle  fatigue,  burst, 
fracture  mechanics,  and  fragment  energy  analyses  are  summarized  for  the  advanced 
disk  designs  and  the  existing  disk  designs  with  both  conventional  and  advanced  disk  ma- 
terials. Other  disk  concepts  such  as  composite,  laminated,  link,  multibore,  multidisk, 
and  spline  disks  were  also  evaluated  for  the  CF6-50  engine. 

INTRODUCTION 

A disk  burst  is  one  of  the  most  catastrophic  failures  possible  in  an  aircraft  engine. 
Fli^t  failures  of  disks  in  commercial  airliners  have  caused  fires,  rupture  of  fuel  tanks, 
p^etration  of  passenger  cabins,  wing  damage,  ingestion  of  disk  fragments  by  other  en- 
gines, and  aircraft  control  problems  (ref.  1) . 

Aircraft  engine  companies  generally  endeavor  to  use  conservative  design  practices 
and  modem  quality  control  procedures  in  producing  turbine  disks.  However,  failures 
occur  because  of  design  errors,  undetected  manufacturing  defects,  uncontrollable  oper- 
ating factors,  errors  in  engine  maintenance  and  assembly,  and  failure  of  other  engine 
compon^ts.  To  attempt  to  design  turbine  disks  to  preclude  failure  from  any  of  these 
causes  would  result  in  prohibitively  low  allowable  stresses.  Containment  devic  es  to 
protect  vital  areas  of  the  aircraft  against  high-energy  disk  fragments  would  tmiwsc 
severe  performance  penalties  on  the  caigine. 

The  approach  taken  in  this  program  was  directed  toward  improving  tuiblnc  disk  re- 
liability by  using  more  advtmced  structural  concepts  to  increase  low- cycle  fatigue  life, 
to  impede  crack  propagation,  and  to  reduce  fiagment  energies  that  could  be  generated 
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In  the  event  of  a disk  failure.  This  paper  reports  the  results  of  NAS  A- sponsored  ana- 
lytical studies  by  tiie  General  Electric  Company  and  Pratt  & Whitney  Aircraft  (refs.  2 
and  3)  to  evaluate  bore-entry  disks  as  potential  replacements  for  the  existing  first-stage 
turbine  disks  in  the  CFO-50  and  JT8D-17  engines,  respectively;  these  engines  were 
selected  because  of  their  extensive  use  in  commercial  passenger  aircraft.  Other  con- 
c^ts  such  as  composite,  laminated,  and  multidisk  designs  were  also  studied  for  the  op- 
erating conditions  of  the  CF6-50  engines. 

The  bore-entry  disks  were  compared  with  the  existing  disks  (henceforth  called  the 
"standard  disks")  on  the  basis  of  cycles  to  crack  initiation  and  overspeed  capability  for 
initially  unflawed  disks  and  on  the  basis  of  cycles  required  to  propagate  flaws  to 

failure.  Comparisons  were  also  made  of  the  available  kinetic  energies  of  possible  burst 
fr^ments.  All  of  these  comparisons  were  also  made  for  the  standard  disk  with  the  ma- 
terial of  tile  bo  reentry  disk  so  that  improvements  resulting  from  changes  In  material 
properties  could  be  distinguished  from  those  resulting  from  structural  design  changes. 

DISK  CONCEPTS 
CF6-50  Turbine  Disk  Designs 

The  standard  disk  and  the  disk  concepts  considered  as  potential  replacements  are 
Illustrated  in  figure  1.  The  standard  disk  (fig.  1(a))  is  machined  from  an  Inconel  718 
(Ino-718)  forging.  Local  bosses  on  both  sides  of  the  disk  provide  reinforcement  around 
the  bolt  holes  to  increase  the  low-cycle  fatigue  life  at  the  hole  rims.  Cooling  air  from 
tile  compressor  is  channeled  through  the  shaft,  cools  the  disk  bore,  is  pumped  up 
radially  between  the  stage  1 and  2 rotors,  cools  the  aft  side  of  the  disk  between  the  bolt 
holes  and  rim,  and  then  enters  the  blades  through  openings  in  the  dovetails. 

The  bore-entry  disk  (fig.  1(b))  is  a two-part  disk  of  integral  construetion.  The  two 
disk  halves  are  connected  by  radial  webs  for  channeling  coolant  up  the  center  of  the  disk 
from  the  bere  to  the  blades.  Among  the  advantages  of  the  bore-entrj’  concept  are  Im- 
proved cooling  effectiveness,  reduced  axial  thermal  gradients,  and  increased  resis- 
tance to  crack  propagation  In  the  axial  direction.  One  of  tiie  main  attractions  of  the 
bore-entry  concept  for  tiie  CF6  program  was  that  it  lent  itself  to  a redundant  construc- 
tion where  the  disk  would  be  overdesigned  so  that  if  half  was  failing,  the  undamaged  disk 
half  would  be  able  to  assume  a larger  portion  of  the  load  and  sustain  the  damaged  pert; 
however,  this  would  require  a substjintial  increase  In  total  disk  weight.  The  integral 
bore-entry  disk  would  be  fabricated  from  a single-piece  forging  of  Rene  95  alloy  with  the 
material  between  disk  halves  removed  by  electrochemical  machining. 

The  composite  disk  (fig.  1(c))  uses  high-strengtli  filament  or  wire  hoops  to  provide 
most  of  the  load-carrying  ability  of  the  disk  except  at  the  dovetail  attachments.  The 
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hoops  would  have  to  be  pretensioned  in  order  to  assure  an  even  load  distribution  among 
the  filaments;  this  could  be  accomplished  by  filament  winding,  by  interference  fitting, 
or  by  the  selection  of  filament  and  matrix  materials  so  that  the  desired  hoop  pretension 
would  be  applied  by  differential  thermal  expansion  under  engine  operating  conditions. 

to  the  laminated  design  (fig.  1(d)),  a disk  is  constructed  by  bolting  together  a large 
number  of  sheet- metal  laminates.  A stepwise  variation  in  thickness  provides  more 
laminates  at  the  rim  and  bore  but  leaves  gaps  between  laminates  in  the  web  region,  to 
the  link  design  (fig.  1(e))  a disk  is  constructed  of  pinned  sheet-metal  link  segments. 

Both  the  laminate  and  link  concepts  are  directed  toward  low-cost  fabrication,  isolation 
of  propagating  cracks,  and  generation  of  small  burst  fragments  rather  than  toward  im- 
proving disk  life. 

The  multibore  disk  (fig.  1(f))  separates  the  highly  stressed  bore  region  into  a num- 
ber of  circumferential  ribs  in  order  to  prevent  a crack  or  flaw  at  the  bore  from  propa- 
gating axially.  At  the  ends  of  the  ribs,  the  tangential  stresses  due  to  centrifugal  loading 
would  be  less  and,  therefore,  the  crack  propagation  rate  should  be  slower  than  at  the 
bore  of  the  standard  disk. 

The  purpose  of  the  multidisk  design  (fig.  1(g))  is  to  obtain  improved  disk  cooling 
and  to  provide  for  a redundant  construction  by  transfcraice  of  loads  from  a failed  disk 
member  to  the  undamaged  ones  through  the  bolts.  The  spline  disk  (fig.  1(h))  is  essen- 
tially a two-piece  design  where  the  members  are  coupled  throi^h  splines  on  their  center 
faces.  In  order  to  counter  the  tendency  of  each  disk  half  to  straighten  out  due  to  the 
lack  of  axial  symmetry,  the  splines  would  have  to  be  radially  interlocked  throu^  pins. 
The  mechanical  coupling  of  the  multidisk  and  spline  designs  prevents  cracks  to  (me  disk 
member  from  propagating  to  another. 

These  concepts  are  described  in  more  detail  in  reference  2. 

JT8IX-17  Turbine  Disk  Designs 

The  standard  disk  shown  in  figure  2 (a)  is  machined  from  a Waspaloy  foiging.  Cool- 
ing air  is  bled  from  the  combustion  chamber  liner  and  discharged  at  high  velocity 
through  nozzles  toward  the  front  side  of  the  disk  near  the  rim.  The  cooling  air  is  de- 
livered to  the  blades  throu^  anglf  d holes  at  the  disk  rim.  These  holes  result  in  ellip- 
tical exit  opoilngs  with  high  stress  ccmcentrations;  these  are  the  limiting  low-cycle 
fatigue  locaticms. 

A split-bonded,  bore-entry  concept  was  selected  as  a possible  replacement  for  the 
standard  disk.  As  with  the  integral  bore-entry  disk  (fig.  1(b))  for  the  CF6-50  tui-bine, 
cooling  air  would  be  introduced  at  the  bore,  would  be  pumped  up  radially  through  chan- 
nels formed  by  radial  webs,  and  would  enter  the  blades  through  openings  In  the  bases. 
The  two  halves  of  the  bonded  boreventry  disk  would  be  fabricated  from  separate  forgings 
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of  Astroloy  and  diffusion  brazed  together  at  the  center  surfaces  of  the  radial  webs. 
Dovetail  broaching  and  final  machining  operations  would  be  performed  on  the  bonded  disk 
assembly.  ITie  emphasis  in  the  design  of  the  bonded  boro-entiy  disk  was  on  improving 
the  cyclic  life  without  providing  redundarcy  or  increasing  the  disk  weight. 

DESIGN  CONDITIONS 

Design  properties  of  the  materials  for  the  standard  and  bore-entry  disks  are  pre- 
sented in  table  I,  The  simplified  fli^t  cycles  used  for  the  cyclic  heat  transfer  and 
stress  analyses  are  shown  in  figure  3 for  the  CF6-50  engine  and  in  figure  4 for  the 
JT8D-17  engine.  The  flight  cycle  shown  in  figure  4 was  the  cycle  used  in  the  original 
design  of  the  first-stage  turbine  disk  for  the  JT8D-17  engine.  The  analytical  methods 
are  discussed  in  references  2 to  4. 

DISCUSSION  OF  RESULTS 
Preliminary  Analyses  of  CFG-50  Disk  Concepts 

The  results  of  preliminary  analyses  of  the  seven  candidate  design  disk  concepts  are 
summarized  in  table  II.  Two  of  the  designs,  the  laminated  and  link  disks,  proved  to 
have  excessive  mechanical  stresses  and  to  be  unsuitable  for  the  CF6  operating  condi- 
tions. The  multibore  design  exhibited  high  transient  thermal  stresses  in  the  region 
above  the  bore  rims;  therefore,  the  desired  benefit  of  this  design  in  retarding  the  prop- 
agation of  rib  flaws  was  not  fully  realized.  Analysis  of  the  multidisk  design  under  var- 
ious failure  conditions  revealed  that  the  bolts  could  not  contain  a failed  outer  disk  and 
that  a crack  in  a center  disk  would  reach  critical  length  before  the  load  could  be  redis- 
tributed to  the  undamaged  members. 

Only  the  bore-entry,  composite,  and  spline  disks  appeared  suitable  for  the  CF6-50 
turbine  disk  applications.  From  the  standpoint  of  strength- to- density  ratio,  the  compo- 
site disk  was  the  most  ptomising  concept.  However,  the  composite  design  is  furthest 
removed  from  the  current  statoof-the-art  of  fabrication  and  material  processing  tech- 
nology of  any  of  the  concepts  c*onaidered.  Because  of  the  considerable  fabrication  de- 
velopment that  W’ould  be  required,  the  composite  disk  was  not  further  considered.  The 
spline  disk  presented  special  problems  in  analysis  because  the  load  distribution  among 
the  splines  is  dependent  on  the  fabrication  tolerances  and  it  is  not  readily  apparent  how 
the  loading  would  be  redistributed  should  one  disk-half  fail.  Hie  integral  construction 
of  the  bore-entry  disk  gives  more  assurance  that  the  loading  due  to  a failed  disk  mem- 
ber would  be  more  evenly  redistiibuted  on  the  undamaged  member.  ITie  integial  bore- 
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entry  concept  was,  therefore,  selected  for  more  detailed  study  to  replace  the  CFG-SO 
standard  disk. 


Analyses  of  CF6-50  Standard  tmd  Bore-Fnlry  iJisks 

'ITie  rim  and  bore  average  temperature  responses  during  the  flight  cycle  of  the  stjui- 
dard  and  boj'e-entiy  disks  arc  sho^vn  in  figure  G.  Average  effective  stresses  are  also 
indicated  at  the  start  and  end  of  takeoff,  climb,  cruise,  and  thnist  revcrs.nl  on  descent. 
In  both  disks  the  maximum  rim  and  bore  temperatures  occurrcnl  at  the  t.*nd  of  takeoff  .nnd 
climb,  respectively;  the  maximum  stresses  also  occurred  in  the  bore  at  the  end  of 
climb. 

Bore  temperatures  in  the  bo r&- entry  disk  are  only  slightly  lower  than  boro 
temperatures  in  the  standard  disk  since  the  bore  is  cooled  in  both  cases.  Rim  temper.n- 
tures  were  somewhat  higher  in  the  bore-entry  disk  because  the  c-oolant  picks  up  some 
heat  from  the  center  faces  of  the  disk,  whei'eas  the  coolant  only  comes  into  c-ontact  with 
the  sides  of  the  standard  disk  near  the  rim. 

Figure  6 shows  the  predicted  cyclic  lives  to  crack  initiation  in  the  initially  unflawed 
standard  and  bore-entry  disks.  The  limiting  fatigue  life  of  30  000  cycles  in  the  Inc-718 
standard  disk  was  at  the  aft  dovetail  post  rabbet,  where  the  side  plate  is  f.astened  to  the 
disk.  This  location  was  not  further  considered  in  the  study  because  fragment  generation 
due  to  failure  would  be  limited  to  the  dovetail  post  and  adjacent  blades.  The  next  most 
critical  location  in  the  Inc-718  standard  disk  was  at  the  bore  with  a pi'edicted  crack  ini- 
tiation time  of  63  000  cycles.  The  initial  FAA  certified  life  of  the  ft I’st- stage  tuiliine 
disk  was  7800  cycles  based  on  one-third  of  the  minimum  design  life  for  the  original  de- 
sign cycle,  which  w'as  somewhat  different  fi'om  the  simplified  cycle  used  in  this  study; 
this  FAA  approved  life  is  subject  to  increase  as  the  result  of  gixjund  tests  of  three  fleet 
leader  engines. 

Calculated  crack  initiation  lives  for  the  Rene  95  standaixl  tmd  Ix) re-entry  disks  were 
over  100  000  cycles.  Since  the  crack  initiation  analyses  were  based  on  minimum  guar- 
anteed material  properties,  it  is  evident  th.at  even  the  standard  disk  is  veiy  conserv.a- 
tively  designed  provided  the  design  conditions  arc  not  exceeded  .and  the  disks  an*  inl- 
ti.ally  unflawcd. 

Hie  cyclic  lives  for  cracks  propagating  fi'om  initi.al  semielliptical  surface  flaws 
0.635  centimeter  (0.250  in.)  by  0.211  centimeter  (0.083  in.)  to  critical  crack  size  :irc 
shown  in  figure  7 for  the  most  critical  locations  hi  the  three  di.sks.  Manufacturing  flaw.*; 
of  this  size  should  be  readily  dctect.able  by  modem  nondestructive  evaluation  teclini(|Ue... 
However,  in  the  pa«t.  large  defects  in  turbine  disks  have  occasionally  I'scaped  (U't<*c-tion 
tlirough  hum.'ui  error  and  have  causal  problems  In  some  military  engines  in  flight. 

The  most  erltical  locations  for  flaws  were  at  the  dovi'tail  slot  Iwltom  in  the  lne-718 
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Httincni'd  disk  nnd  at  the  liore  In  the  Itenf*  95  shindard  and  boro-entry  clisks,  Althou^di 
Uie  l)ore-entry  disk  showed  jin  Improvement  In  the  minimum  eraek  propagation  life  of 
mor<’  than  900  pereenl  as  e*omparod  willi  the  lne-718  stamiard  disk,  part  of  this  increase 
was  due  to  the  superior  strength  properties  of  the  Iten6  95  jilloy.  If  the  effect  of  differ- 
ent materials  was  eliminated  b>’  eompaiing  the  Ijore-flawed  boro-entry  juul  Rene  95 
stiindard  disks,  the  improvement  in  eraek  projiagation  life  resulting  solely  from  the 
structural  change  was  130  percent. 

'rhe  crack  propagation  lives  given  in  figure  7 for  the  Inc-718  standard  disk  with  a 
dovetail  slot  bottom  flaw  jmd  the  bore-entry  disk  witli  a bore  flaw  are  only  5 tmd  20  pen- 
cenl  of  the  FAA  certified  life  of  the  disk.  However,  the  probability  of  such  large  flaws 
occurring  at  critical  locations  and  passing  modem  inspection  procedures  Is  statistically 
remote.  Of  greater  significance  is  that  a substantial  Improvement  in  the  crack  propaga- 
tion life  is  addeti  lnsuranc*c  against  sudden  catastrophic  failure  due  to  unforeseen  design, 
manufacturing,  maintenance,  or  operating  problems.  The  overspeed  burst  margins  of 
the  boro-entry  disk  were  18  and  11  percent  greater  than  for  the  Inc-718  and  Rene  95 
standar'd  disks,  respectively. 

The  redundant  construction  of  the  bore-entry  disk  resulted  in  an  Increase  in  weight 
of  CO  percent  over  the  standard  disk.  ITils  extra  weight  is  equivalent  to  an  increase  of 
0.29  percent  in  installed  specific  fuel  consumption  (SFC)  for  an  average  DClO-30  air- 
craft flight. 

The  extra  disk  wei^t  could  also  be  added  to  the  standard  disk  design  to  reduce  the 
centrifugal  stresses  due  to  the  blade  loads.  However,  this  mechanical  stress  reduction 
would  probably  be  offset  by  the  increased  tnmsient  thennal  stresses  resulting  from  the 
slower  thermal  response  of  the  bulkier  disk.  Also,  a heavier  standard  disk  would  lack 
the  redundancy  of  the  bore-entry  disk  and  would  generate  even  higher  fragment  energies 
from  a burst  disk. 

Some  possible  fragment  patterns  resulting  from  mmufacturing  flaws  are  Illustrated 
in  table  III.  'Ihe  available  kinetic  energies  that  would  bo  generated  from  these  failures 
are  also  indicated.  The  highest  energy  fragments  ai'c  caused  by  failures  initiating  at 
juid  propagating  radially  from  the  bore,  as  shown  by  the  120°  disk  and  blade  fragment 
pattern  for  the  standard  disk  in  table  III.  However,  the  redundant  construction  of  the 
integral  bore-entry  disk  would  enable  the  undamaged  member  to  contain  such  a failed 
pairt.  llie  only  possibility  of  a segment  separating  in  this  wtiy  would  be  if  Uic  radial 
failure  propagated  through  a web  to  Uie  op|X)slle  disk  face;  however,  this  is  highly  un- 
likely because  the  total  thickness  for  all  the  webs  is  only  20  percent  of  tlie  bore  eircum- 
ference  luid,  as  one  web  started  failing,  its  load  would  be  transferred  to  adjacent  webs, 
'llie  most  likely  mode  of  fragment  generation  is  a rim  fragment  resulting  from  defects 
or  crack  initiation  sites  at  the  dovetail  slot  bottom  or  bolt  hole  rim.  Based  on  .<pin  pit 


Uie  rim-lnllluled  crack  would  result  in  the  loss  of  three  dovetail  |x)sts  and 
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four  blades,  as  shown  In  labk'  III.  'Hie  frapmenl  tmcMgy  of  the  iMJie-enli  v <llsl%  rim 
fragment  was  only  about  10  pereent  of  the  120‘^  <Hsk  .seunifiit  that  was  assuim*d  io  lie 
generated  from  a l)ore  defect  In  the  standard  di.sk. 

Analyses  of  .ITSI)-17  Stnndaifl  and  Hort^Knlry  Disks 

The  average  tempo niture  re.sf)on.se.s  for  the  J'I’HI)-17  turbiiu*  <lisks  in  figure  8 show 
consistently  lower  bore  :uul  i*im  temperatures  tliroughout  the  eyele  in  Uu>  Iki re-entry 
disk  as  compared  with  the  stmuiard  disk.  'Hie  lower  temperatures  in  tlie  Ikj re-entry 
disk  were  the  result  of  its  superior  cooling  effectiveness  mid  tlie  use  of  erxiling  air  bleil 
from  the  compressor  midstage.  Maximum  temperatures  and  stresses  oeeuri’eci  at  the 
end  of  takeoff  and  climb,  respectively. 

Predicted  cyclic  lives  for  the  initially  unflawed  standard  and  boiv-entry  disks  are 
presmited  in  figure  9.  The  FAA-eei’tifled  life  of  the  Waspaloy  stmidani  disk  is  1(5  000 
cycles  based  on  the  limiting  low-cycle  fatigue  life  at  Uie  exit  of  the  cooling  air  hole. 
These  results  indicate  an  Improvement  In  the  cyclic  crack  initiation  life  of  the  Astroloy 
bore-entry  disk  of  88  percent  over  the  Waspaloy  standard  disk  imd  (57  percent  over  the 
Astroloy  standard  disk.  ITie  most  critical  location  in  tlie  bore-entty  disk  was  in  the 
bore  region  at  the  entrance  to  the  cooling  air  channel. 

Defects  and  manufactuiing  flaws  in  the  JT8D-17  turbine  disks  were  considered  for 
the  critical  locations  indicated  in  figure  10.  Subsurface  flaws  of  0. 119  centimeter 
(0.047  in.)  in  diameter  were  assumed  in  the  bore  and  web  regions  for  all  three  disks; 
(his  diameter  was  selected  because  it  is  at  the  threshold  of  detectability  by  ultrasonic 
inspection.  The  web  flaws  shown  in  figure  10  were  at  the  ratUus  of  mjiximum  radial 
stress  in  the  standard  disks  and  at  the  radius  of  niJLximum  axial  stress  at  (lie  bond  sut^ 
face  in  the  bore-entry  disks.  The  surface  flaws  at  the  disk  rim  or  bore  were  assumed 
to  be  0.081  centimeter  (0.032  in.)  in  length. 

The  most  critical  location  in  the  Waspaloy  standard  di.sk  for  a flaw  was  at  tlie  exit 
of  the  cooling  air  hole  with  a predicted  crack  pi’opagation  life  of  2900  cycles.  Substi- 
tuting Astroloy  properties  for  the  Waspaloy  reduced  the  calculated  crack  propagation 
life  to  1150  cycles  because  of  the  lower  ductility.  However,  then'  are  indications  that 
if  the  crack  propagation  data  had  Included  hold- time  I'ffects,  the  crack  propagation  life 
of  the  Astroloy  stmidaixl  disk  would  have  been  superior  to  that  of  the  Waspaloy  stmidtird 
disk.  This  would  also  meiui  that  the  values  given  in  figure  10  for  tin-  bore-entry  disk 
arc  too  low. 

The  calculated  improvement  in  the  minimum  crack  ptopagation  life  of  tin*  Ixirt^ 
entry  disk  over  the  Waspaloy  sltmdard  tiisk  was  12  I percent,  iliis  impr«)vcment  is  sig- 
nificant in  Increasing  the  capability  of  the  di.sk  to  survive  uncontrollable  bictors  that 
might  result  in  cat.astrophic  failui  c of  conventionally  designed  disks.  'Ilu-rc  was  a 
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Hllgjit  reduction  in  the  overspeed  burst  margin  of  the  bore-entry  disk  ns  compaied  with 
the  stimdard  disk  beeause  the  overall  disk  weight  was  kept  constant  and  that  portion  of  it 
duo  to  the  radial  webs  was  of  small  structural  importance. 

A substantial  reduction  in  fragment  energ>’  is  shown  in  table  III  for  the  .I'Isl>- 17 
bonded  bore-entry  disk  even  though  it  was  not  designed  for  redundmicy.  'Ihls  impiovc- 
ment  would  I’csult  from  the  confinement  of  the  fragmentation  fjvm  a l»ore  flaw  to  one 
disk  half;  the  other  half  would  probably  experience  failure  at  the  rim  from  the  incivasetl 
blade  loading. 


CONCLUDING  REMARKS 

Some  advanced  tuifcine-dlsk  structural  concepts  have  been  jundytically  studied  as 
potential  replacements  for  the  existing  first-stage  turbine  dl.sks  in  the  CF(i-i30  jmd 
JT8D-17  engines.  An  Integral  boro-entry  design  was  selected  for  more  dctuilcti  ev:ilua- 
tlon  for  the  CF6-50  engine  as  a result  of  preliminary  analyses  of  seven  disk  concepts  in- 
including  composite,  laminated,  and  multidisk  designs.  The  integral  lx> re-entry  turbine 
disk  was  designed  to  improve  disk  life  and  to  prevent  high-energy  fragmentation  by  using 
redundant  construction  at  the  expense  of  an  increase  in  disk  weight. 

A split-bonded,  bore-entx7  design  was  selected  for  evaluation  for  tlie  JT8D-17  en- 
gine. This  bore-«itry  disk  was  designed  to  improve  disk  life  W'ithout  redundtmee  or  an 
increase  in  disk  weight. 

Cyclic  theimal,  stress,  and  fracture  mechanics  analyses  of  the  bore-entry  ;md 
standard  disks  demonstrated  that  substantial  impi'ovements  in  the  cyclit-  lives  of  ijotli 
initially  unflawed  and  flawed  disks  could  be  achieved  with  the  lx>rc'-cntrv  disk  designs. 
The  benefits  of  the  advanced  disk  designs  are  influenced  by  differences  in  design  philos- 
ophy, disk  cooling  method,  fabrication  procedure,  and  engine  operating  characteristics. 
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(a)  Standard  disk,  (b)  Integral  bore-entry  disk. 


(c)  Composite  disk.  (d)  Laminated  disk. 

Figure  1.-  CF6-50  first-stage  ttirbine  disk  designs. 
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(e)  Link  disk  (typically  a disk  would  (f)  Multibore  disk, 

contain  20  to  40  layers  each  clocked 
axially  relative  to  the  next). 


Figure  1.-  Continued. 
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Figure  3.-  CF6-50  simplified  engine  cycle. 
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Figure  6.-  Crack  initiation  lives  of  CF6-50 
first-stage  turbine  disk  designs. 


380 


BURST  SPEED, 

PERCENT  OF  MAXIMUM 
TAKEOFF  SPEED:  126 

WEIGHT  CHANGE, 

PERCENT  OF  STANDARD 
DISK  WEIGHT: 


1155 


0 +66 


(a)  Standard  disk 
(INC-718). 


(b)  Standard  disk  (c)  Integral  bore-entry 
(Rene  95).  disk  (Rene  95). 


Figure  7.-  Crack  propagation  lives  of  CF6-50  first-stage  turbine  disk  designs. 
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Figure  9.-  Crack  initiation  lives  of  JT8D-17  first-stage  turbine  disk  designs. 


2900 

CYCLES-^ 


1150 

CYCLES- 


65  000  J 
CYCLES- 


000 
CYCLES 


J 111  d 

•v  J 


BURST  SPEED. 

PERCENT  OF  MAXIMUM 
TAKEOFF  SPEED?  136 

WEIGHT  CHANGE, 

PERCENT  OF  STANDARD 
DISK  WEIGHT: 


39  000  ) 

CYCLES-.  X 


>100  m\ 

X CYCLES - 

^-59  000 
CYCLES 


6500 

CYCIES- 


-37  000 
CYCLES 


136 


133 

0 


(a)  Standard  disk 
(Waspaloy) . 


(b)  Standard  disk  (c)  Bonded  bore-entry 
(Astroloy) . disk  (Astroloy) . 


Figure  10.-  Crack  propagation  lives  of  JT8D-17  first-stage  turbine 
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441 


i 


\ 


I 


i 


■ ' f 8 1 0 4 

AIRCRAFT  RNGINK  SUMP-FIRK  STUDIES 

William  R.  I^oomis 
NASA  Ecwis  Research  Center 

SUMMARY 


The  problem  of  lubricant  sump  fires  in  aircraft  engines  is  examined,  and  pertinent 
background  subjects  ai’e  discussed  U.  e. , the  basic  conditions  required  to  start  fires, 
the  flan»mability  limits  for  lubricant  vapors,  the  importance  of  engine  sump  scaling 
systems,  and  the  engine  operating  parameters  that  affect  fires).  Results  of  ongoing 
e:q)erimental  studies  are  reported  in  which  a 125- millimeter- diameter- advanced- 
bearing  test  rig  simulating  an  engine  sump  is  being  used  to  find  the  critical  range  of 
conditions  for  fires  to  occur.  Design,  material,  and  operating  concepts  and  techniques 
are  being  studied  with  the  objective  of  minimizing  the  problem.  It  has  been  found  that 
the  vapor  temperature  near  a spark  ignitor  is  most  important  in  determining  ignition 
potential.  At  tcmpci'aturcs  producing  oil  vapor  pressures  below  or  much  above  the 
calculated  flammability  limits,  fires  have  not  been  ignited.  But  fires  have  been  rou- 
tinely started  within  the  theoretical  flammability  range.  This  indicates  that  generaliz- 
ing the  sump-fii*c  problem  may  make  it  amenable  to  analysis,  with  the  potential  for 
realistic  solutions. 
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INTRODUCTION 


Lubricant  sump  fires  have  been  encountered  in  high-temperature  operation  of  air- 
craft engines  during  flight,  in  engine  ground  studies,  and  in  advanced  lalx)rator>'  stud- 
ies of  lubrication  systems  (ref.  1)  and  mainshaft  seals  (ref.  2).  There  is  evidence  that 
at  least  31  incidents  of  sump  fires  or  excessive  heal  in  a bearing  sump  have  occurred 
over  a recent  5-year  period  in  one  widely  used  aircraft  engine.  Despite  the  reality  of 
fires  and  near  fires  in  operational  aircraft  engines,  the  environment  found  in  engine 
sumps,  with  their  high  oil- recirculation  rates,  leads  to  the  inherent  contention  that 
sumps  in  general  arc  too  oil  rich  for  fii'es  to  occur  in  tliem.  However,  the  trend 
toward  developing  engines  with  higher  speeds  and  higjier  pressure  ratios  imd  their  re- 
sulting higlier  energy  levels  suggests  an  Impending  increase  in  the  frequency  of  sump 
fires. 

Past  sump  fires  have  resulted  from  a number  of  different  causes,  which  shows  tlie 
neeu  for  .study  in  this  problem  area.  First,  wi>  must  find  the  rmiges  of  the  principal 
operating  parameters  that  an*  potential  causes  of  sump  fires  and  tlu*n  mentally 
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and  analytically  explore  various  operating,  materials,  and  design  concepts  and  tech- 

)8  to  reduce  the  fire  potential.  Accordingly,  NASA  is  sponsoring  a continuing  re~ 
.rch  program  at  SKF  Industries  (contract  NAS3>  19436)  to  realize  these  objectlvos, 
wherein  various  moans  to  mitigate  sump  fires  arc  being  studied  on  a 125>  millimeter^ 
diameter^ advanced- bearing  test  rig.  This  paper  presents  tte  status  of  this  program 
and  its  significant  highlights. 

The  ultimate  targets  of  this  program  are,  by  fiscal  year  1978,  (1)  to  acquire  a 
comprehensive  understanding  of  sump- fire  problems  and  (2)  to  develop  methods  for 
eliminating,  reducing,  or  controlling  fires  in  current  and  pressed  aircraft  migines. 

BACKGROUND 

Before  we  discuss  ihe  past,  current,  and  planned  experimental  sump-fire  studies, 
let  us  first  consider  background  subjects  important  to  this  problem  area.  These  in- 
clude the  basic  conditions  required  for  fires  to  stait,  the  flanunability  limits  for  lubri- 
cant v^x>rs,  the  importance  a£  the  engine  sump  sealing  systems,  and,  finally,  fiiose 
engine  operating  parameters  that  afiect  fires. 

Basic  Conditions  for  Fires 

Three  basic  conditions  are  required  in  an  aircraft  engine  oil  sump  for  fires  to 
occur.  First  of  all,  there  mast  bo  a proper  mixture  of  air  and  oil  in  viqx>r,  mist,  or 
droplet  form.  If  there  is  insufficient  oil  in  the  mixture  (too  lean)  or  excessive  oil  in 
the  mixture  (too  rich),  a fire  cannot  start.  Data  taken  from  a report  by  Kudita  and 
Cato  of  the  U.  S,  Bureau  of  Mines  (ref.  3)  show  that  for  an  MIL-L-7808  (^pe  I ester) 
lubricant,  fires  cannot  be  ignited  if  air-oil  weight  ratios  are  above  29  to  1 or  below 
b.  5 to  1 . 

Secondly,  the  air-oil  mixture  temperature  must  be  above  a critical  value.  The 
mixture  temperature  must  be  above  the  flash  point  of  the  oil  before  a fire  can  be 
ignited  and  above  the  fire  point  before  a fire  will  continue  to  bum  in  the  absence  of  an 
ignition  source.  At  temperatures  above  the  autoignition  temperature  (AIT),  no  exter- 
nal ignition  source  is  required  to  start  a fire.  For  the  type  n ester  oil  being  used  in 
the  test  program  the  flash  point,  fire  point,  and  AIT  are  525  K (485®  F),  558  K 
(545®  F),  and  705  K (810®  F),  respectively  (ref.  4). 

Thirdly,  there  must  be  the  presence  of  an  ignition  source  erf  sufiicient  energy 
level  when  the  mixture  temperature  is  below  the  AIT.  Ignition  sources  include  fric- 
tional sparks  and  component  surfaces  heated  by  frictional  rubbii^,  as  well  as  hot 
chamber  walls  and  hot  gases.  Primaiy  ignition  sources  within  a sump  are  frictional 
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heating  of  failing  HcalK,  boarlng.s,  ami  uHut  nihhin)',  parlu  plu.s  llin  lejikagt*  of  high- 
temporaturo  comproHHor  tliHchargi*  air  inlo  Uk  .sump  aroa. 


Klanmiahilil.v  l.iiuita  lor  l,iil)ru mil  Vupora 


Tho  concept  of  flaniniability  liinit.s  for  Iiihn’caiit  v.iporn  in  iin|)oi'lant  and  in  illus- 
trated in  tho  lubriciuit  flainniability  diagram  .sho'vn  in  figuiv  I.  At  a given  system  tt^m- 
peraturc  and  pressure,  there  Is  an  upper  ralio  and  .a  lower  ratio  of  oil  vaiKjr  to  air, 
known  as  the  upper  flummubllity  liniil  (lU,)  ajid  the  Iowa  r IluinmubllUy  limit  (LL),  re- 
spectively, within  which  self-sustaining  or  self  propagating  flames  ctm  Iw  produced  by 
an  ignition  source.  At  oil  concentrations  above  tlie  UL,  the  mixture  is  said  to  be  too 
rich  to  bum;  below  the  LL,  it  too  le:m  to  burn  (refs,  fi  and  G). 

It  is  worth  emphasizing  that  it  is  the  oil  eoneentration  in  the  vapor  state  that  de- 
fines the  flammability  of  the  oil- air  mixture.  The  maximum  concentration  of  oil  vapor 
is  determined  by  its  equilibrium  vapor  pressure  at  imy  givcni  temperature.  The  equi- 
libritun  oil-air  ratio  is  therefore  the  nitio  of  tJu'  vapor  pressure  of  tho  oil  to  the  air 
pressure  in  the  chamber.  The  flow  ralt‘s  of  air  and  liquid  oil  do  not  determine  flam- 
mability except  to  the  degree  that  Ihcsy  infliumce  thtr  temperature  and  thereby  the  vapor 
pressure.  However,  flow  rates  can  profoundly  inlluoncc'  the  severity  tmd  propagation 
characteristics  of  a fire  once  it  has  lx>en  ignited. 

Maximum  burning  velocity  is  aehi<!vt!il  \vh(;ji  a stoichiomotric  ratio  Cg  of  oil 
vapor  and  ojqrgen  exist  in  the  chamlK'i'.  This  ratio  is  et|ui valent  to  the  molar  ratio  of 
oil  and  oxygen  in  the  balanced  chemical  equation  for  complete  combustion  of  the  oil. 

The  stoichiometric  ratio  is  always  within  the  flammability  rjinge  of  the  oil.  It  has  been 
shown  for  many  hydrocarbons  that  at  297  K (75^  1') 

^'^^297K(7n‘^l'') 


^'^'297K(7.V’l')  ^ 


(2) 


The  flammability  range  increases  with  temperature?  according  to  the  following  equa- 
tions: 


LL.j.  - Id'2;)7K 


1 7,2  lirVl'  - 297 )j 
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or 
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— ^'^^297K  jj'  ^ “ 297)J 

UUp  = UI^gOp[j  I ■lxlO~‘^(T  - 75)] 

By  definition,  oils  will  not  bum  below  their  fianh  point,  'rherefore,  for  oUs  wilh 
flash  points  hi{^er  tlian  297  K (75°  F),  the  LL  and  UL  at  297  K (75°  F),  ealeulated 
from  equations  (1)  and  (2),  have  no  physical  meaning  but  can  be  used  in  e<iuatlons  (.5) 
and  (4)  to  estimate  flammability  limits  above  the  flash  point.  The  calculated  LL  line 
should  intersect  the  vapor  pressure-temperature  curve  near  the  flash  point  of  tlu?  oil, 
and  this  temperature,  Tj^,  is  defined  as  the  lower  flammability  temixuaiture  at  equilib- 
rium vapor  pressure  conditions.  Similarly,  an  upper  flammability  temperatui'e  T^, 
exists  whore  the  calculated  UL  lino  intersects  the  vapor  pressure-temperdture  curve. 

The  relation  of  calculated  flammability  limits  to  temperature  for  the  type  II  ester 
lubricant  is  shown  schematically  in  figure  1.  Lubricant  vapor  pressure  and  eoncentra- 
tioii  are  given  as  a function  of  temperature.  The  region  enclosed  by  the  vapor  pressure 
curve,  the  flammability  limits,  and  die  AIT  line  defines  the  temperatures  and  lubricant 
vapor  partial  pressure  in  air  for  which  ignition  sources  can  produce  a self- propagating 
fire.  Above  the  AIT,  no  ignition  source  is  required. 

Importance  of  Engine  Sump  Sealing 

The  potential  fire  conditions  in  an  aircraft  engine  are  greatly  influenced  by  the  effi- 
ciency of  the  engine  sun^  sealing  system.  Figure  2 Is  a cross-sectional  \iew  of  the 
sump  for  a typical  engine  bearing  compartment.  Here  the  es  sential  problem  is  to  pro- 
tect the  bearing  sump  from  the  hot  environment,  which  is  compressor  discharge  air  at 
temperatures  to  922  K (1200°  F)  and  pressures  to  242  N/cm"  (350  psi).  (Tlio  com- 
pressor discharge  air  is  used  to  cool  the  high- pres  sure- turbine  disks. ) A buffer  t^qx- 
of  seal  system  is  used  and  this  requires  three  sets  of  labyrinth  seals  on  each  side  of 
the  bearing.  Figure  3 is  a simplified  schematic  of  this  sealing  system.  The  buffer 
gas  is  seventh- stage  compressor  bleed  air  with  a relatively  low  pressure  of  55  N/cm“ 
(80  psi)  and  temperature  of  478  K (400°  F);  therefore,  it  can  be  allowed  to  leak  through 
the  inner  labyrinth  seal  directly  into  the  bearing  compartment.  This  Iniffcr  gas  ther- 
mally insulates  the  bearing  compartment.  The  buffer  system  requires  im  overlx>ard 
vent.  The  buffer  gas  flowing  into  this  vent  prevents  the  hotter  comprc'ssor  discharge 
air  from  getting  into  the  bearing  compartment.  In  some  engines,  tlie  labyrinth  si  als 
next  to  the  bearing  compartment  have  been  replaced  witli  fact‘-conluet  seals.  This  n»- 
duces  leakage  and  results  in  lower  specific  fuel  consumption.  However,  failuri>  of 
cither  tlie  labyrinth  or  face-contact  seals  could  create  conditions  timt  would  result  in  a 
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sump  fire  (1.  o. , a rubWnf^  friction  ignition  source  and  a hot  air-oil  mixture).  This  fact 
stresses  the  Importance  of  developing  bettor  and  more  roUablo  seals  that  could  reduce 
the  probability  of  sump  fires  occurring. 

Engine  Operating  Parameters  Affecting  Fires 

The  basic  parameters  that  control  fire  conditions  in  an  engine  bearing  sump  and 
the  range  of  operating  values  that  arc  being  studied  in  the  program  are  shown  in  table  I, 
The  parameters  that  can  affect  the  ratio  and  temperature  of  a combustible  mixture  are 

(1)  Oil  flow  rate  into  the  sump 

(2)  Oil  inlet  temperature 

(3)  Air  leakage  rate  to  the  sump 

(4)  Air  inlet  temperature 

(5)  Shaft  or  bearing  speed 

(6)  Ignition  source  and  duration 

Other  parameters,  such  as  sump  volume  and  geometric  configuration  as  well  as  bear- 
ing, shaft,  seal,  and  housing  temperatures  and  lubricant  flammability,  can  also  affect 
sump-fire  susceptibility.  In  addition,  the  ratio  of  air  leakage  rate  to  sump  volume  is 
probably  a critical  parameter  and  should  be  considered  for  each  system  application. 

EXPERIMENTAL  ENGINE- FIRE  TEST  APPARATUS 

to  the  test  bearing  program  itself,  a bearing  test  rig  originally  designed  to  study 
1 25- mlUimetei>  diameter  aircraft  main- shaft  thrust  bearings  at  hi^  temperatures  and 
speeds  was  modified  to  simulate  an  engine  sump  and  to  accommodate  sump-fire  testing. 
Figure  4 is  a cross-sectional  view  of  the  bearing  sump  area.  The  rig  was  designed  to 
create  controlled  rub  and  electric  spark  ignition  sources  and  to  provide  for  varying  oil 
and  air  flows  and  temperatures  and  was  instrumented  to  determine  temperature  pro- 
files throughout  the  sumo.  Shown  in  figure  4 are  the  test  bearing,  a Monel  baffle  on 
the  hot-air  side  of  the  bearing,  the  rub  ignition  mechanism,  and  the  main  seal  life-off 
device  that  permits  hot  air  to  flow  into  the  sump  for  fire  ignition  attempts. 

RESULTS  AND  DISCUSSION 
Preliminary  Test  Study 

Test  results  from  a preliminary  study  completed  several  years  ago  (ref.  7)  had 
indicated  that  spontaneous  combustion  could  not  be  obtained  over  the  range  of  variables 
studied  and  that  simulated  engine  fires  could  readily  occur  and  be  self-sustaining  in  a 
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wide  miiKu  of  pammetorH  when  an  electric  Hpurk  iKnltor  sv»«  uncd.  A apurk  Ignitor 
wan  ufleci  in  mont  of  the  fire  tchtn  an  an  e.%-perijnental.  caKlly  controlled  n.canH  of  pr«>- 
duclnf*  Urea.  Other  Kj^\nifieant  reaullH  are  aa  follosva: 

JialllaLjjajUM.»J.y  lahyi'lmh  ,.x.,l  oil,,.,.  

•'•Ill"  >«m  Hlwwn  by  Iho  l„rt  Uml  rii-ra  wyn.  „l»o  by  UblnR  Iho  rul) 

Ignitor  mrohnnlnm  l„  l|„. 

moon  nro  pofotbil  II, v Homv.'S  and  «u,.g,..,l  ibal  ar,.bl,.nlal  fl.va  In  ,.n,r|,„.  „„„ 

well  urine  I rom  these  e*»useH*  ^ 

Klrj^  to  location,  it  is  likely  Unit  slunifleiuU  real  dlflerenecs 

in  air-oil  ratios  exist  in  the  various  parts  of  the  sinnp.  which  makes  It  difficult  to 
aciicve  sliinificmU  data  on  air-oil  ratios.  Indications  from  oil  degradation  products 
wore  Uiat  sump  fires  bcKin  in  localized  and  small  regions  of  ihe  sump  and  arc  influ- 
enced by  bafnes.  Combustible  volume  ktowj  slowly  wiili  the  duration  of  the  fire  in  re- 
sponse to  local  jtas  ajid  oil  muss  flow  conditions. 

blanketink^  was  effective  in  thojmmediato  e.vtinguishiiig  of  every  test  run 
fire  once  the  fire  had  been  detected, 

A_firc-baffle  (Monel  shm^)  „„  the  hot  side  of  the  bearing  not  only 

prevented  fiiv  propagation,  but  also  prevented  bearing  thermal  seizure  due  to  hot 

(922  K;  1200  F)  gas  flow  directly  into  the  bearing.  Such  baffles  have  practical  signlfi- 
canco,  ® 

flame  snuffer  inlected  into  the  lubricant  flow  was  only  marginally  effec- 
tive m controlling  fires. 


Current  Test  Study 

m our  cui’rcnt  work  in  this  progi'am  wc>  arc  using  some  of  'he  experimental  tech- 
niques and  testing  facilities  from  the  preliminary  study.  The  objectives  of  this  phase 
of  the  program  arc  to  make  a more  definitive  determination  of  the  critical  ranges  of 
lubricant  and  hot-air  flow  rates  jmcl  other  operating  variables  and  thus  find  the  flam- 
mability  range  of  conditions  (or  envelope)  where  fires  are  likely  to  occur. 

Results  ;uid  conclusions  from  the  current  progi’am  to  date  are  as  sho^^'n  in  figures 
5 to  7,  where  the  basic  parameters  were  varied  over  their  full  riuigcs  in  different  com- 
binations and  a spark  ignitor  was  used.  Figure  presents  hot-air  flow  rates  as  a 
function  of  Umipcrature  increase  in  llu>  sump  at  u eonsUuit  oil  flow  rate  of  0. 45  m'Vhr 
(2  gal/min)  and  a temperature  of  44l  K (55.5'’  F).  The  higlier  the  air  flow  rate,  or  the 
seal  leakage,  the  more  severe  were  die  resulting  fires.  At  low  air  flow  rales  only 
minor  fires  if  miy  were  ignited.  At  medium  air  flow  rates,  non- self- sustaining  fires 
were  experienced,  but  at  higii  air  How  rates,  self-sustaining  fires  were  slartcxl. 

These  self-sustaining  fires  spread  mon-  generally  tlirouglumt  tlie  sump,  wiUi  tempera- 
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ture  increases  as  high  as  556  K (1000®  F)  before  e:<tingujshmcnt.  However,  fires  could 
be  ignited  at  all  air  flow  rates  evaluated  under  the  proper  sot  of  conditions. 

As  illustrated  in  figure  6,  whore  oil  flow  rates  are  plotted  against  air- oil  mixture 
temperatures  at  a constant  high  air  flow  rate  of  41  m'Vhr  (24  stdffVmln),  the  mixture 
temperature  decreases  with  increasing  oil  flow  rate,  'rhls  suggests  that  more  oil  is 
mixing  with  the  air.  This  difference  was  more  pronounced  at  the  higher  air  flew  rates, 
pointing  to  a greater  mLxing  of  the  oil  and  air  at  higher  air  flows. 

No  fires  could  be  ignited  when  the  mixture  temperature  was  below  the  flash  point 
temperature  of  the  oil.  However,  the  converse  was  not  always  true.  Fires  could  not 
always  be  ignited  when  the  mixture  temperature  was  well  above  the  flash  point.  (Refer 
again  to  fig.  6. ) hi  one  case,  where  no  fire  occurred  when  the  air- oil  mixture  temper- 
ature was  611  K (640^  F)  at  an  oil  flow  rate  of  0. 23  m^/hr  (1  gal/min),  an  increase  in 
the  oil  flow  rate  resulted  in  fires  as  the  mixture  temperature  was  decreased  but  not 
below  the  flash  point  tcmperatiu  e. 

It  is  significant  that  all  fires  fell  within  the  range  of  operating  paramc  ers  for  the 
flammability  limits  as  predicted  from  combustion  principles.  If  the  vapor  mixture 
temperatures  can  be  held  below  the  flash  point  of  tlie  Ivibricant  in  any  regions  of  the 
^glne  where  potential  ignition  sources  are  located,  the  fire  problem  will  be  much  less 
acute,  if  not  even  elimirated. 

As  shown  In  figure  7,  a series  of  runs  were  made  at  increasing  oil  inlet  tempera- 
tures and  with  constant  air  flow  rates  as  high  as  41  m^/hr  (24  stdft^/min)  and  air  inlet 
temperatures  as  high  as  814  K (1005°  F).  No  fires  could  be  ignited  when  a 0. 45-m^/hr 
(2- gal/min)  oil  flow  was  maintained  except  when  oil  inlet  temperatures  exceeded  about 
419  K (295°  F).  It  should  be  stressed  that  these  data  are  for  specific  stoichiometric 
conditions  and  results  mi^t  differ  for  other  combinations  of  air  and  oil  flows  and  tem- 
peratures. If  proper  engine  heat  management  can  be  ach  .cved  by  using  heat  exchangers 
and  other  devices,  the  oil  inlet  temperature  can  be  held  to  such  a level  that  oil  vapors 
will  be  at  temperatures  below  the  lower  flammability  limit. 

Although  there  was  evidence  that  the  air- oil  mixture  in  the  sump  was  often  too 
vapor  rich  to  bum,  it  is  presently  considered  that  the  best  approach  to  minimizing 
sump  fires  is  to  design  to  produce  mixtures  too  vapor  lean  to  bum.  This  could  possi- 
bly be  done  by  injecting  more  oil  (e.  g. , by  increasing  the  oil  recirculating  x*ate)  or  by 
incorporating  a device  to  provide  more  equal  dispersion  of  the  oil,  such  as  baffles  in 
the  sump.  The  injection  of  more  oil  would  have  the  effect  of  reducing  mixture  temper- 
atures, which  is  in  the  proper  direction  to  suppress  fires. 

Since  the  experimental  data  and  the  flammability  tlicory  coincide  fidrly  well  in  this 
study,  it  appears  that  generalizing  the  sump- fire  problem  may  make  it  amenable  to 
analysis.  If  analysis  can  predict  flow  fields  and  temperature  distribution  within  the 
sump,  the  presence  or  absence  of  conditions  witldn  the  flammability  limits  can  lx? 
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determined  from  lubricant  vapor  pressure-temperature  data  and  combustion  principles. 

CONCLUDING  REMARKS 

As  a logical  extension  to  tMs  work,  further  studies  directed  toward  reducing  sump- 
fire  problems  are  planned.  These  include  further  spaik  ignition  tests,  where  the  effec- 
ttveness  of  novel  sumo  baffles  will  be  studied  to  produce  excessively  vapor-lean  envi- 
ronm^ts  adjacent  to  the  bearing,  as  well  as  a study  of  the  effect  of  hl^er  oil  flow 
rates  or  perhaps  a combination  of  the  two.  Also,  additional  rub  ignitor  tests  will  be 
performed  using  improved  honeycomb  seal  and  rub  shroud  materials  that  should  reduce 
rub  ten«)eratures.  Use  of  less-flammable  lubricants  in  the  system  is  another  area  of 
interest  for  this  program.  Also,  a computerized  analysis  of  the  test  results  is  planned 
to  assist  In  assessing  the  effects  of  arbitrary  engine  sump  geometric  variations  and 
flow  patterns.  The  goal  of  this  analytical  study  is  to  develop,  concurrent  with  test  pro- 
cedure, a preliminary  prototype  analytical  tool  to  predict  sustained  combustion  in 
terms  of  critical  flow  and  sump  geometric  parameters. 

hi  closing,  we  would  like  to  reiterate  that  improving  seals  for  use  in  engine  sumps 
could  solve  sump-fire  problems  by  preventing  the  occurrence  of  conditions  that  are 
conducive  to  fires.  The  NASA  Lewis  Research  Center  is  currently  working  on  designs 
toward  that  purpose. 
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TABLE  I.  - PARAMETERS  THAT  CONTROL  FIRE 
CONDITIONS  IN  ENGINE  BEARING  SUMPS 


PARAMETER  OPERATING  VALUES 

BEING  STUDIED 

OIL  aOW  RATE  INTO  SUMP  0. 23-0.45m3/hra-2gal/minl 
OIL  INLET  TEMP  353-441  K (175°-335®  F) 

HOT  AIR  LEAKAGE  RATE  TO  SUMP  7-48  itl^/hr  (4-28  stdft3/mln) 
HOT  AIR  INLET  TEMP  739-833  K (870°-1040P  FI 

SHAFT  OR  BEARING  SPEED  7 000-14  000  rpm 

IGNITION  SOURCE  & DURATION  UP  TO  60  sec 


OTHER  PARAMETERS 


t 


BUFFER  AIR  • 

7TH  STAGE 
COMP  BLEED. 

478  K 1400P  F) 
55N/cm^  ISOpsil- 

OVERBOARD/^ 
VENT-\  X 


COMPRESSOR 
DISCHARGE  AIR. 
922  K U2(M°  F) 
242N/cm^  1350  psi) 


I— ► COMPARTMENT  VENT 
II!  TO  BREATHER 


”^IR/OIL  MIX. 


^BEARING 


BEARING  / I 

COMPARTMENT  iSUMP)  / LABYRINTH  SEALS-^"' 


450  K (35(f  F) 

1.4  N/cm^  l2psD  — ' 


Figure  3.-  Schematic  of  typical  aircraft  gas-turbine-engine 

sump  seal  system. 
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\ 
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Vi  li:- I 
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LABYRINTH-^  SEAL  \ \ \ ^ TEST 


lUBE  RING 


lEAL  \ \ \ '^TEST  BEARING 

RUB  SAMPLE^  \ luCE  RING 
BAFFLE-' 


Figure  4.-  Sump-fire  test  rig. 
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AIR-OIL  MIXTURE  TEMPERATURE  AT 
IGNITOR.  °F 
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Figure  5.-  Effect  of  air  flow  rate  on  fire  severity.  Oil,  type  II 
ester;  oil  flow  rate,  0.45  (2  gal/min)  at  441  K (335°  F); 

air  inlet  temperature,  789  to  814  K (960°  to  1005°  F);  ignition 
source,  spark;  speed,  14  000  rpm. 
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Figure  6.-  Effect  of  oil  flow  rate  on  air-oil  mixture  temperature  and 
combustion  at  various  oil  inlet  temperatures.  Oil,  type  II  ester; 
air  flow  rate,  41  m^/hr  (24  stdft^/min)  at  789  to  814  K 
(960°  to  1005°  F) ; ignition  source,  spark;  speed,  14  000  rpm. 
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Figure  7.-  Effect  of  oil  Inlet  temperature  on  air-oil 

mixture  temperature  and  combustion.  Oil,  type  II  ester 
oil  flow  rate,  0.45  m^/hr  (2  gal/min);  air  flow  rate, 

41  m-^/hr  (24  stdft^/min)  t 789  to  814  K (960° 
to  1005°  F);  ignition  source,  spark;  speed,  14  000  rpm. 
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NASA  Lewis  lie.seareh  ('cailer 
SrMMAUV 

NASA  is  studyinn  the  eharneteristics  of  future  :ii reraft  fuels  piTidueed  fi'om  eitiu-r 
petroleum  or  nonpetroleum  sources  such  as  oil  shale  or  coal.  'I'liese  futuie  liydroearljon 
based  fuels  may  have  chemical  and  physical  pioperties  that  art*  diffei'cnt  frtjm  present 
ENdation  turbine  fuels.  This  research  is  aimed  at  determining  what  those  '•haraetei-is- 
tics  may  be,  how  present  aircraft  juul  engine  eompom*nts  ami  materials  would  Ik*  jiffeeted 
by  fuel  specification  changes,  and  what  changes  in  both  aircraft  and  engine  design  would 
be  requii'ed  to  utilize  these  future  fuels  without  sacrificing  pci'formancc.  rcliai)ilitv.  or 
safety.  This  fuels  technology  program  lias  been  organized  to  inclutic  botli  in-house  and 
contract  research  on  the  synthesis  and  characterization  of  fuels,  component  evaluations 
of  combustors,  tuidiines,  and  fuel  systems,  and,  eventually,  full-scale  engine  demon- 
strations. 'rhe  entli'e  effort  has  been  integrated  with  a similai*  program  lji*ing  conducted 
by  the  Air  Force  Aero  I’ropulslon  Laboratory  (.\l'.'UT.i  and  is  iieing  coordinatctl  witli 
other  government  agencies  within  the  1)01)  and  KUDA.  This  paper  is  a revii'w  ol  the 
various  elements  of  the  program  and  pri’scnts  significant  results  obtidncd  so  laia 
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As  shonm  in  figure  1,  the  fuel  consumption  b\  commercial  aviatif)n  has  rouglils 
tripled  duidng  the  last  15  years  (ref.  1).  Most  forecasts  pn-dict  a redm  cd  rate  of 
growth  in  air  transportation.  Nevertheless,  the  rate  of  incretise  in  denuuid  lot  aviation 
turbine  fuels  is  expected  to  exi*eed  that  for  automotive  gasoline.  I'or<*casts  of  the 
grow'th  rate  in  fuel  consumption  by  I'.S,  airlines  v:»ry  from  about  I to  7 pi  rccnt.  l \cn 
the  conservative  predi<*tions  indicate  a (knililing  of  tlie  fuel  )i*(iuircd  for  air  traimporla- 
tlon  by  the  year  2000. 

Presently,  jet  aircraft  ;irc  totiillv  fiependent  on  petroleum  dcri\cd  ki'roscne  lucls. 
At  some  time  in  the  futim*.  it  will  lie  m*ci*ssar\  to  oliiain  a\i  i(ion  fuels  from  sources 
other  than  petroleum.  I Y>nu'stieally.  llu'se  alti'inatixc  source'*-  ineludi  <ul  'hal<  and 
coal.  The  most  likely  aviation  luibinc  fuel  derivtil  from  die  ali<  niatise  <*  ;ivi  v id 
probably  be  a lk|uid  Iwdrocarbon  that  is  similar  to  petmli  um  dcri\ed  d.iLiiu  ti.<  l-  . 

Tlu*  relative  i*i*serves  of  pet  rolcum.  oil  shale,  and  coal  are  illu*.(  i alcd  in  lir.iin  V 
(ref.  2).  Based  on  the  current  total  em*rg\  use  late.  (lie  > . > 'Uptth  <>1  petrideaiu 
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will  be  (leplotfd  fu'oiiml  thf  tum  of  tlu-  century.  'I'lu'  r.S.  nui.si  c uncnlly  lm|)or<  about 
IbG  pc'ifcnt  of  the  oil  that  we  consume.  This  figure  could  gmw  to  over  .'io  percent  by 
iUS.'i.  'I’he  reserves  of  oil  shale  and  c-oal  could  supply  our  total  energ>  needs  for  several 
hundred  years,  lioth  government  .and  industiy  are  eondueting  f)rograms  to  ex|)loit  the 
eonvei-slon  of  oil  shale  tmd  coal  to  a crude  oil  (refs.  ,'}  mui  1).  'i’liese  so-ealU-d  "syn- 
erudo.s"  have  properties  somewhat  similar  to  crude  petroleum,  with  tlie  e.xeeptlon  t!>at 
they  contain  a lower  proportion  of  hydrogen  to  carbon  juid  a higher  e«)iie('nt ration  (d'  un- 
desirable impurities,  barge  c apital  expenditures  will  be  rcKjuIred  to  launeli  the  syn- 
crude industry.  Kven  with  the  support  of  goveniment,  initial  production  of  syncrude.*--  is 
not  expected  until  about  1U85,  and  this  initial  production  will  suppoi  t only  .a  small  per- 
centage of  the  total  T.S.  fuel  dememd. 

rhe  average  distribution  of  finished  products  from  a barrel  of  petroleum  is  .sliown 
in  figure  .1.  'llie  percent  distribution  of  the  various  product.s  are  illustrated  with  the 
more  volatile  products  at  the  lop  and  less  volatile  products  at  the  bottom  of  the  barrel. 
Jet  fuel,  which  ttikes  most  of  the  kerosene  cut  (or  about  TH  of  the  barrel),  is  obtained  by 
a straight-run  distillation  of  the  erode  plus  a small  degree  of  hydrotreating  for  sulfur 
removal.  Distillation  Involves  a relatively  simple  physical  separation  of  the  various 
components  within  the  erode  by  a series  of  repeated  stages  of  vaporisation  tuid  conden- 
sation. Hydrotreating  involves  the  chemical  addition  of  hydrogen  to  unsaturated  organic 
compounds  to  form  saturated  compounds  or  the  removal  of  trace  impiulties  such  as  sul- 
fur by  conversion  to  wlattle  compounds  which  may  be  more  easily  removed  from  the 
product.  The  cost  of  hydrotreating  is  directly  related  to  the  ciuimtity  of  hydrogen  re- 
quired to  process  each  barrel  of  crude.  Tntil  now,  the  kerosene  portion  of  crude  pe- 
troleum has  been  sufficient  to  supply  the  dem.and  for  aviation  turbine  fuels:  however,  as 
the  demand  foi  aviation  turbbie  fucl.s  grows  fa.ster  than  the  demjuul  lor  otlier  peti-oleum 
products,  it  will  become  increasingly  difficult  to  meet  these  denuuuls  from  the  kci-osenc 
cut  of  the  barrel  alone. 

The  alternatives  to  a shortened  supply  of  aviation  turbine  fuel  im-lude  (1)  converting 
heavier  cuts  of  the  barrel  to  turbine  fuel  by  hydroprocessing,  which  will  result  in  in- 
creases in  refinery  cost  .and  energy  losses,  (2)  rehocing  specifications  for  aviation  tur- 
bine fuels,  juid  (3)  using  shale  oil  and  eoal  syncrudes  as  refinery  fei-dstocks.  of  course, 
tUiothei  .ippi-oach  to  alleviate  the  problem  is  fuel  c-onservation  b\  improving  aircraft  ef- 
ficiency. The  NAS.\  has  recently  organized  a program  to  evolve  oiergA  efficient  pix)pul- 
slon  and  aerodynamle  systems  uvf.  2).  Ilowi-ver.  this  paper  will  e«mccntrate  on  the 
tecluilcal  protilems  related  to  the  utilization  of  aviation  tiitbine  fucN  with  pi-opertii  s sig- 
nificantly different  from  current  specification  fuels. 
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AN’IATION  T1  UHIN'K  ^TI•;^S  rKt’l IXn|.<  i( ; V 

The*  NASA  I'ufls  ttH'hnolof'y  pro^>ram  is  toncemed  with  tlic  cvaUiiiti/jn  ol  llit-  pulomlid 
fliariicti'i’lstlis  of  fuliii'o  )ct  fuels  and  tlic  determination  of  tlif  pos, sidle  effects  of  iltfse 
fuels  on  the  performance  and  durability  of  engine  eomptmeiUs.  'I  Ik-  objective  is  to 
evolte  iin,\  n<‘\v  teehnoloj^y  re<iul  r(‘d  to  use  tliese  luels,  Tlie  jiroblems  in  usin^  fuels  witli 
properties  that  are  sitmlfieantly  different  from  speeifleation  aviation  turliine  fuels  an- 
emphasized.  Heseareh  related  to  the  effect  of  relaxed  fuel  sp<'«  iri(  alions  on  eombiis- 
lors.  turbines,  fuel  tanks,  fuel  system  components,  and  m.aterials  is  beinu  conducted. 
The  NASA  effort  is  being'  eonduc-U'd  as  part  of  a joint  integrated  fuels  leclmolog,\  pro- 
gram with  the  Air  Force  Aeio  i’i*opulsion  Lalx)raloiy.  'I’he  entire  program  is  being 
coordinated  with  other  government  agencies  that  are  involved  with  researeli  on  tin-  usi’ 
of  shale  oil  mitl  coal  SMierudes. 

('hanieteristics  of  Aviation  Turbine  Fuels 

Commercial  jet  aircraft  fuels  have  relativelv  tight  spec ilT-ations.  As  sl.own  in  fig- 
ure I,  the  initial  boiling  point  of  a typical  c-ommercial  -Jet  A is  generall\  gi-eater  tluui 
•140  K dk‘10  F)  in  oixler  to  compl.\'  with  the  minimum  specification  value  for  a flasii  point 
of  mo  K (100^  F>.  The  limiting  value  for  Hash  point  is  set  to  minimize  the  probaldliU 
of  iin  accidental  file  during  fueling  or  tollowing  an  emergence  landing.  I lie  inaxinuitn 
final  boiling  point  for  ,iet  A may  be  as  high  as  .370  K (570^  Fi.  hut  it  is  generally  less 
than  this  value  to  comply  with  limit.s  on  frc*ez,ing  point. 

Many  of  the  import;mt  jet  fuel  properties  are  interrelated.  .\n  increase  in  final 
boiling  point  geiu'rally  corresponds  to  an  increa.se  in  lioth  treezing  point  and  ai'omatics 
concentration.  The  aromatic  compounds  found  in  petroleum  product.-  con.sisi  of  a class 
of  uns.aturated  cvclic  hydixicaibons  containing  one  oi-  more  ticnz.enc  rings  tluit  li.ivc  a 
wide  range  of  boiling  points.  'I'he  volatility,  which  is  rc4alcU  to  the  boiling  range,  must 
be  a compromise  belwec’ii  sallsf;ictor,\  comliuslion  charai  tciisiic.s  ainl  ;iu  .icceplaltle 
Hash  |x>inl.  l.ow  aiximatic  I'oneent rations  arc  desired  to  miuimi/i'  smoke  and  name  i.i- 
diation  caused  by  smoke.  Limits  on  the  conci'nlration  ol  arom.-itic.- . olefins.  ;iml  nil  i-o- 
gen  compounds  in  the  fuel  are  necessar\  to  maintain  chemical  .-l;il)ilit\  ol  the  fuel  so 
that  gums,  vamish.  ;ind  i-arbon  are  not  fornu-d  citlicr  diirim,  >tor;igc  or  uilliin  tlie 
heated  parts  of  the  fuel  system,  nlelins.  whicli  arc  a class  ,.|  uii.-  aturatcl  orr.mi.  com- 
pounds containing  at  least  one  iloulilc  liond.  are  iilati\cl\  rcacti\c  chcmi«  al  coiniMMind- . 
.\n\  nitiogcn  oi  sumi).  jj-j  pn.  pnij  will  lie  conx'crtcd  to  uiidc.s  i i .iblc  o\*dc  polluiants  dur- 
ing combustion.  Sullur  and  tiacc  metals  such  a^  \anadiniu.  su,iiiu,|  po|;is...,iiiiii 
must  lie  a'oidi'd  to  prevent  the  cori'o.sjoi«  and  oxidation  o|  hut  turldiu  I4ad 's.  All  ol 
tl.csc  I’lcnicnls  ;ire  » asily  removed  fi'om  peliolcum  dci  ivcd  fuel.-:  bv  h\ di ol i-c.al ing . 
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Ilowc'vor,  the  eont-untniUon  of  tliu.se  ulemuntH  In  slmlu  ojl  tmd  uoal  synurudes  i.s  mm  h 
hlRhor,  and  their  removal,  u.speelallv  nlti-oRun  fi-om  shale  oil,  is  ..IlCrieull  (ref,  11,  The 
i’reui'.lni':  point  mul  vIhuohIIv,  which  are  f'enerally  controlled  hy  llniillnR  final  hollinR 
|jolnt,  are  Importimt  faetors  affeetlnc,  fuel  sy, stern  deslfrn  and  rellahlllty. 

The  .let  A fuel  speelfleatlon  llniitH  the  iniusinium  aromatic  eoneenti’at:  n to  UU  pei~ 
(!ent  by  volume,  which  eori’esponds  to  a hycli-oRcn  content  ul  about  i:i  to  I I pereeid  by 
wei^?lrt  (I'iR,  5).  Ah  the  aiwmatle  euneentralion  inerea.ses,  the  hydrogen  content  dc'- 
ei’eaHCH  rmd  the  tendency  for  .smoke  to  be  formed  dui  iriR  eornlai.stion  inerea.ses.  A 
higher  aromatic  content  Is  generally  accompanied  by  lnciea.se.s  in  iinai  boiling  point, 
freezing  point,  mrd  specific  gravity.  A higher  specific  gravity  i-educes  the  heat  content 
of  the  fuel  by  weight  but,  corie.spunding,l,v,  increase.s  heat  content  by  yolunie. 


Klfeets  of  Uelaxed  Fuel  .Specifications  on  t’ornbuslors 

The  effect  of  varying  hydrogen  content  in  a hvciiocMrbon  fuel  on  the  liner  surfai  i- 
temperature  of  a conventional  combustor  is  shown  in  figur  e <i  (ref.  <b.  ihe  surfaie 
temperaturv  Inciaaises  with  deciea.sing  liydiogen  content  because  the  inciva.se«l  aro- 
matics results  in  inereased  soot  foniiallon,  which  causes  higher  flame  radiation  due  to 
increased  flame  emlssivlly.  These  experimental  data  for  a single  combustor-  crui 
operating  at  simulated  cruise  conditions  indicate  that  a 1-percenl  o'jcr'ease  in  h\drogen 
leads  to  a 50  K (Oo'^  F)  increase  in  liner*  w:rll  tempoi*irtui*e.  Incr*easing  liner  surface 
temperature  nirry  reduce  combustor*  operating  life  or  rrt  worst  result  Irr  tire  gr*:tdual  de- 
gradation of  combustor  components  thirt  could  lead  to  fur  ther*  ilarnage  to  the  tur  bine. 

Other  data  showing  the  effect  of  var  iatiorrs  hr  hydr  ogen  content  on  combustor  per- 
formrmce  were  obtained  fi*om  .severrrl  experirncrrtitl  cornbuslor*s  tlesigned  to  minimi/.e 
exhaust  pollutants  (ref.s.  7 and  H).  I\vo  ot  tlu*  low-pollut:rrrl  conrlurstors  l»citrg  stuilied 
under  a NASA  contract  designated  as  tire  "FxpcrirnenUrl  t'lerur  ('ombusior  I’tvgr  artr”  ar*e 
shown  in  figure  7.  The  '*\'or*blx'*  cornbusor*  is  being  developi  cl  by  Pr*;rtt  K Whitrrey  for* 
the  .I'l  Ul)  engine.  :uul  the  ilorrble-;rnrudar*  combustor*  is  lieing  developed  by  Oeneral  Flci*- 
trir*  for  the  CFii-50  engine  Hoth  cottrlnrstor  designs  consist  of  Iwrr  combrrstioti  star  es 
A pilot  stage  burns  a t*elalivcly  ricli  frtcl-air*  rnixtui  e ;rt  low  po\\*i>r*  conditiorrs  siu  li  as 
idle  in  oi*der*  to  minimize  hydrxrcarlron  ;rnd  crrtiKttr  tnonoxiilc  ernissiorrs.  ,\  rnaitr  .stagr* 
is  rrsi'tl  to  burn  ;t  r*elatively  lean  rni.\tur*c  of  fuel  and  air  at  high  |Hiwi*r  tondition,*.  .xiu  lt  ;rs 
taketrff  rrnd  ct*rtisi-  in  or*der*  to  mirtirnizc  sriroki*  and  oxlrlcs  of  nitrtrgen 

Test  ri'sults  for  these  two  (*xpet*irnciit;rl  low-pollutant  lomltrrstor  s ;trr*  l ornparcd 
with  the  r*esirlts  lot*mor*c  r-onvcirtlonrrl  pr*odtic(i('n  i*ornbustors  irr  figut*c  'Ihe  tnaxi- 
mrtm  liner  srrr*l':u*e  tempet*.*rlui*e  rninu.s  the  I'otnluistoi  inld  ait  tetrrpe ratu t*c  is  shown 
plotted  agairrst  the  hydr*ogen  conterrt  lest  data  Itrr  the  two  conventional  conrlnrstors 
follow  a sinrilat*  trend  of  im*t*cirsitrg  sut*lat*e  toinpcratuiv  with  ilr-crca;  ing  h\oi*ogeti 
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content.  However,  the  experimenliil  two-Hliif^'e  eomltiislm s ;ire  rehiUvelv  liiHcriHltlve  to 
the  hydrof,ren  eontent  of  tl»e  fuel  over  Ihe  llmitetl  iiinf.',e  of  hvtli'0(*,en  eoneentrutlonn  thiti 
wore  Htudletl,  'I’hlH  effeel  |h  iittiihuted  (o  Hie  fiiet  thni  Hu'  inuin  ntiif.e  of  the  low- 
pollutont  combuutorH  op«*riit»*H  jil  relutivelv  lemi  fuel-iiir  nilio.';  (Iiu!i  ptoilueiiif'  1<‘hu  Moot 
ond  lower  fliiine  raditition.  The^ie  rei  uKh  thus  ludleuie  Ihal  (hl^•  (lesl|',u  Miif.ht  penult 
the  UHo  of  a luol  with  a hH?hr^>’  aromalle  eontent  wltliout  suflerlnc,  sniohe  forniatlon  pemd- 
ttc8.  Other  test  data  oblalned  with  these  loW“pollut!int  eombustors  uHinc,  No.  12  «llesel 
fuel  indicate  a sniall  loss  In  altltiule  r<‘!l|',hl  eapabllity  iui«l  a small  Inereasi*  In  earbon 
monoxide  and  total  hydmearbon  polletants  at  Idks  The  efi'eets  of  uslnc.  No,  ;!  «llea*l  fuel 
on  combustion  efficiency  anil  lombustor  exit  teinperaturi'  profile  wen*  neidliHble.  Ku- 
ture  test  plans  include  studvlnit  Hie  el'krls  of  broad  speeifleatlon  fuels  mu  .•ombustor 
durability  at  elevated  pressures  to  slnuilatc-  tal\i*olf  opera  Hut;  eondltlon.s. 

Kffeets  of  Uelaxed  Fuel  Speetl'iealions  on  l uel  Systems 

Tile  typical  spread  in  freezlnji  point  of  a hydroearbun  fuel  lilend  as  a function  ol 
final  boiling  point  is  shown  in  figure  it.  Kree/.lng  |K>lnt  is  somewhat  of  a misnomer  here 
since  a jet  fuel  consists  of  many  different  orgtmie  compounds,  and  only  a pure  c-ompound 
solidifies  at  a constant  mid  definite  temperaluu'.  For  |et  fuels  tin*  freezing  point  is  de- 
fined by  the  initial  presence  of  solid  iiydroeariiun  l.•ryslals  in  tlie  li<|uid  piiase,  Tlie  widi’ 
spread  in  freezing  point  for  a given  final  boiling  ixiint  is  pioliably  due  to  the  variations 
in  the  types  and  eoneent  rat  ions  of  organic  ecmpouinis  foumi  in  fuels  I'eflued  trom  ditIt.  r- 
ent  crude  sources.  Tlie  only  diflereiiee  between  the  sperdfteations  foi  .let  .\  and  .let  .\-l 
Is  the  maximum  allowable  freezing  point,  which  is  K (-  lo'^  !•’)  and  2'2''<  K Ft. 

respectively.  The  freezing  point  for  dii  sel  No.  2 Is  eonsitleratily  liigher  atul  varie^. 
from  about  250  to  255  K t-io"’  to  o”  1 ) . 

A representative  varlallon  in  lank  fuel  tenipi'iature  o\vr  a lontr  illstanee  tlight  is 
shown  In  figure  10  (ref.  9).  .\s  a safety  margin  for  avoiding  fuid  line  plugging,  the  F.\A 
requires  that  the  tmik  fuel  temperature  be  malntaineii  at  le:isl  :t  K (5.  l"  Ft  al>ove  the 
freezing  point  of  the  fuel  being  used.  For  llu'  example  shown,  tlie  tank  fuel  temp(.‘rature 
will  fall  below  the  safely  margin  for  <let  .\  aflei'  flying  aiiout  UTuo  Idlenieteis  (2imui  nim. 
This  figure  thus  illustrates  the  necessity  of  using  .let  A- 1 . whielt  has  a lower 
freezing  point  for  long  dislanee  llig'its.  It  is  interesting  to  oliseive  Unit  Hie  ef'eel  o! 
Initial  fuel  temperature  on  tmik  fuel  temperature  lieeonies  negllgtlile  for  long  flight 
times. 

Several  flight  operational  methods  mav  i>e  lotr- iili'red  for  m.aitiluiiiing  ;i  fuel  aimve 
Its  fitJezing  point,  in  tlie  event  that  the  me.isut  i d l ink  fuel  lemperalure  .i|iproin  lies  Ihe 
safety  margin,  the  tank  fuel  temperature  may  l>e  ineieasi  ii  l»y  inereiedng  iliglit  Maeli 
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numbor,  reducing  flight  altitude,  or  altering  courne  to  avoid  cold  air  masses.  All  of 
these  approaches  penalize  tuel  consumption.  Switching  from  oulboaitl  to  intoard  fuel 
tanks,  which  are  at  a slightly  higher  temperatm’e,  Is  relatively  limited  in  effectiveness. 
As  shown  in  the  previous  figure,  preheating  fuel  on  the  ground  has  a negligible  elfect 
on  the  fuel  tank  temperature  for  a long  flight.  However,  preheating  fuel  on  the  ground 
might  be  necessary  during  the  winter  In  some  regions  just  to  transfer  a broader- 

speciflcation  fuel  such  as  diesel  No.  2 to  the  alrcnift. 

The  use  of  broader- specification  fuel  such  as  diesel  No.  2 would  retiuire  a major 
redesign  of  the  airframe  fuel  system.  Insulating  the  fuel  tanks  could  provide  a partial 
solution.  However,  heating  the  fuel  In  the  tank  during  flight  would  probably  be  required 
to  the  tank  fuel  temperature  above  the  freezing  point.  Several  approaches 

to  heating  the  fuel  during  the  flight  could  be  considered.  Fuel  could  be  recirculated 
throu^  the  engine  heat  exchanger  and  returned  to  the  fuel  t.'mk.  This  approach  would 
probably  require  changes  to  the  present  design  for  the  fuel  pumps  and  engine  heat  ex- 
changer. Another  approach  could  be  the  addition  of  fuel  tank  heaters.  Whatever  method 
is  used,  high  local  fuej  temperature  must  be  avoided  to  prevent  gumming  of  fuel  pas- 
sages due  to  degradation  of  the  fuel.  The  problems  in  using  a broader  specification 
fuel  with  a hl^er  freezing  point  ax*e  currently  being  studied  analytically  by  Boeing  under 
a NASA  contract. 


CONCLUDING  REMARKS 


Many  areas  of  research  and  development  will  have  to  be  explored  if  we  are  to  use 
aUematlve  fuels  for  jet  aircraft.  The  research  perfoimied  so  far,  In  which  the  effects 
jf  higher  aromatic  content  and  lower  volatility  fuels  on  combustors  were  studied,  must 
be  extended  to  higher  operating  pressures  to  fully  evtduate  perfonnance  and  durability 
problems.  The  initial  low  smoke  and  low  liner  temperature  results  obtained  In  experi- 
mental two-stage  combustors  look  promising.  Fuel  system  technology  must  be 
evolved  to  permit  the  use  of  fuels  with  higher  freezing  points  and  lower  thermal  sta^ 
bilities.  Additional  fundamental  data  are  needed  to  i*elate  thex'mal  stability  to  fuel 
composition.  Data  on  the  effects  of  alternative  fuels  on  materials  must  be  obtained, 
including  their  compatibility  with  both  fuel  system  elastomers  and  tuxhlne  blade  alloys 
and  coatings.  Any  potential  toxicity  px’oblems  related  to  fuels  derived  from  coal  or  oil 
shale  must  be  studied,  although  undesirable  toxic  compoimds  will  probably  be  removed 
at  the  refinery.  Finally,  extensive  engine  endurtmcc  testing  will  be  rtniuircd  to  estab- 
lish the  overall  reliability  of  engines  designed  to  use  an  altexuatlvc  fuel. 
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FUEL  CONSUMPTION,  BILLIONS  OF  GALLONS 
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Figure  3.-  Distribution  of  petroleiun  to  finished  products 


100  200  300  400  500  600  1 

TEMPERATURE,  °F 


Figure  Bolling  range  of  various  petroleum  products 


VORBIX  COMBUSTOR  FOR  JT9D  ENGINE 
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Figure  7.-  Experimental  clean  combustor  program. 


HYDROGEN  CONTENT,  WT  % 

Figure  8,-  I'ffcct  of  hydrogen  content  of  fuel  on 
combustor  liner  surface  temperature. 
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GAS- PATH  SEAL  TECHNOLOGY 
John  Zuk 

NASA  Lewis  Research  Center 

SUMMARY  * • 

Improved  gas-path  seals  are  needed  for  better  fuel  economy,  longer  performance 
retention,  and  lo  wer  maintenance,  particularly  in  advanced,  hi^- performance  gas 
turbine  engines.  Problems  encountered  in  gas- path  sealing  are  described,  as  well  as' 
new  blade-tip  sealing  approaches  for  hij^-prossure  compressors  and  turbines.  These 
include  a lubricant  coating  for  conventional,  porous- metal,  rub- strip  materials  used  in 
compressors.  An  improved  hot-press  metal  alloy  shows  promise  to  increase  the 
operating  sxmface  temperatures  of  high- pressure- turbine,  blade- tip  seals  to  1450  K 
(2150°  F).  Three  ceramic  seal  materials  are  also  described  that  have  the  potential 
to  allow  much  higher  gas- path  surface  operating  temperatures  than  are  possible  with 
metal  systems. 


INTRODUCTION 

Seals  present  fundamental  and  continuing  problems  in  gas  turbine  engines.  Many 
seals  are  used  in  these  engines.  A large  gas  turbine  engine,  such  as  that  shown  in  fig- 
ure 1,  has  over  100  major  seals  and  several  himdred  minor  seals.  Seals  not  only  re- 
strict gas  leakage,  but  also  provide  thnist  balancing,  meter  cooling  gas  flow,  and  pro- 
tect bearing  conqpartments  and  other  mechanical  components.  Thus,  the  cumulative 
effect  of  scaling  practice  is  appreciable.  Our  present  concern  for  fuel  conservation 
and  need  for  much  better  performance  retention  call  for  improved  seals.  Also  ad- 
vanced engines  will  operate  at  hi^er  pressures,  temperatures,  and  speeds  than  cur- 
rent engines.  These  engines  will  have  to  be  run  ’’tighter’*  than  current  engines.  Hence, 
even  better  seals  will  be  required.  The  Lewis  Reso'»rch  Center  is  working  in  most  of 
the  major  sealing  areas  and  has  an  extensive  shaft  scaling  program  that  has  resulted 
in  a very  successful  lift-pad  sealing  concept.  This  concept  is  excluded  from  this  pre- 
sentation but  is  addressed  in  reference  1 and  is  briefly  described  in  the  sump-fi  re  pro- 
gram presentation  (ref.  2). 

This  presentation  addresses  the  primary- gas- path  seals.  The  main  function  of 
these  seals  is  to  keep  the  working  fluid  in  the  designed  flow  path.  Thus,  the  working 
fluid  can  contribute  to  the  useful  work  energy  of  the  engine  rather  than  be  added  to  the 
wasted  energy  of  leakage. 
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PriiTuiry-RaS"path  acals  can  be  classified  as  citlior  outer  or  inner  air  seals.  The 
inner  air  seals  are  usually  labyrinth  seals  and  are  tlie  interstage  or  end  seals  (fig.  :i). 
'Diese  seals  are  composed  of  rotating  knife  edges  interfacing  with  a stationary  sleeve 
of  a rul>-tolerant  and  erosion- lajsistant  material.  'Fhe  outer  air  seals  are  blade-tip 
seals  (fig.  2)  and  are  located  in  the  gaps  between  the  blade  tips  and  the  casing  shroud. 
The  casing  shroud  also  contains  a rui>- tolerant  and  erosion- resistant  material.  (Jf  all 
the  seals,  the  primary- gas- path  seals  have  tlie  greatest  effect  on  perfornumee,  par- 
ticularly on  fuel  economy. 

As  an  example,  compressor  effieieney,  one  measure  of  performance,  is  greatly 
affected  by  tlic  blade- tip  clearance.  The  compressor  efficiency  penalty  as  the  ratio  of 
blade-tip  clearance  to  blade  height  is  increased  Is  shown  in  figure  3.  These  data  were 
obtained  from  operational  and  research  compressors  (ref.  3).  Usually,  the  high- 
pressure  stages  of  hi^- performance  compressors  have  short  span  heights.  Hence, 
the  compressor  efficiency  is  very  sensitive  to  blade-tip  clearance.  Note  in  figure  3 
that  doubling  the  clearance  can  mean  a 2- percent  penalty  in  efficiency.  In  addition, 
stall/ surge  margins  also  depend  greatly  on  clearance. 

GAS- PATH  SEALING  PROBLEMS 

Operating  seal  clearances  depend  on  both  operating  conditions  and  installation. 
Operating  conditions  include  maneuver  and  landing  ”g”-load  deflections,  aerodynamic 
surge  and  pressure- induced  stator  deflections,  rotor  dynamic  response  to  rotor  un- 
balance, thermal  transient  mismatch  between  rotating  and  static  seal  components, 
centrifugal  growth,  and  engine-case  distortion  (ovalization)  caused  by  engine  mounting. 
The  first  two  conditions  depend  on  the  operating  history  of  the  specific  engine.  Closer- 
clearance  operation  can  be  attained  by  using  rub- strip  liners  with  initially  tight  clear- 
ances and  permitting  the  interaction  of  blade  tips  to  wear  in  the  required  operating 
clearances.  The  remaining  conditions  are  common  to  all  engines  of  the  same  model 
and  require  basic  structural  and  design  modifications  to  achieve  significant  reductions 
in  running  clearance.  We  a.’e  working  on  such  design  concepts,  including  active  clear- 
ance control. 

Generally,  the  gas- path  seal  clearances  change  with  each  engine  condition,  such 
as  idle,  takeoff,  and  cruise.  Dimensional  changes  in  the  seal  support  structure  are 
large  relative  to  the  seal  clearances.  The  trend  toward  liigher  engine  pressures  and 
temperatures  will  tend  to  increase  both  seal  displacements  and  erosion. 

Although  nominally  rub-tolerant  materials  are  used  today,  problems  arise  during 
close- clearance  operation  when  severe  rub  situations  are  encountered.  In  tliese  situa- 
tions the  blade  tips  can  wear  severely. 

Figure  4 shows  the  surface  of  a conventional  shroud  seal  material  after  a severe 
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rub.  There  are  two  dlHtinct  repionH  In  the  v/ear  patteiTi,  On  the  far  right,  aeeeptable 
rubbing  haK  oecurred;  on  the  left,  the  blade-tip  material  han  been  "Hnicared”  or  irann- 
ferred.  This  smearing  is  undesirable  because  the  blade  tip  has  worn,  resulting  in  a 
larger  leakage  path.  However,  an  almost  equally  undesirable  situation  occurs  when  the 
shroud  material  transfers  to  the  blade  tip  and  results  In  a full  300*^  rub  groove  caused 
by  this  effective  Increase  in  blade  height. 

In  addition  to  performance  loss,  poor  gas- path  seals  cause  many  associated  prob- 
lems. Increased  clearance  due  to  rubbing  or  lack  of  erosion  resistance  decreases  the 
stall/surgc  margin  in  the  compressor.  Severe  rubbing  of  blade  tips  can  initiate  cracks 
in  the  blades  and  greatly  reduce  the  blade  life.  Seal  wear  debris  may  deposit  down- 
stream and  affect  other  components*  performance.  The  most  serious  consequence  of 
poor  rub  tolerance  is,  of  course,  self-destruction. 

The  Lewis  sealing  programs  are  fully  Integrated  with  tbe  Department  of  Defense*  s 
programs  on  gas-patii  sealing. 

HIGH- PRESSURE- COMPRESSOR  TIP  SEALS 

Prior  to  the  current  jumbo  jets,  compressor  tip  seal  surfaces  in  civilian  engines 
were  not  treated  with  a rub- tolerant  material.  Because  of  their  relatively  low  stage 
pressure  ratios  and  more- rigid  structures  than  current  jumbo  jet  engineu,  the  oper- 
ating seal  clearances  in  these  older  engines  were  set  so  rubs  would  never  occur.  Also 
fuel  prices  were  relatively  low  when  these  engines  were  des  igned.  Current  jumbo  jet 
engine  designs,  however,  could  not  afford  this  operating  penalty,  and  rub-tolerant  sur- 
face materials  had  to  be  used.  It  is  estimated  that  as  much  as  a 4-percent  increase  in 
compressor  efficiency  was  obtained  by  using  rub-tolerant  surface  treatments. 

Two  classes  of  rub-tolerant  materials  are  widely  used  today.  One  class  includes 
porous  metal,  cermet,  and  composite  materials.  These  are  generally  thermally 
sprayed  or  sintered,  fine  metal  particles  or  metal  fibers  with  low  cohesive  strongtli 
due  to  their  porosity  (fig.  5) . In  principle  the  particles  or  fibers  are  sheared  off  by 
bond  fracture  during  a rub.  A trade-off  must  be  made  between  rub  tolerance  and  ovo- 
sion  resistance. 

As  a result,  present  shroud  seal  materials  may  have  either  poor  mb  tolerance  or 
poor  gas  erosion  resistance  (fig.  6).  Fortunately,  both  good  rub  tolerance  and  good 
erosion  resistance  can  be  obtained  through  more  careful  control  of  the  material- 
processing  variables  than  is  presently  used,  but  much  work  remains  to  be  done  in  this 
area. 

In  figure  6,  an  NASA  experimental  material  is  compared  with  two  conventional 
shroud  seal  materials  - porous  metal  and  porous  cermet.  The  porous  metal  material 
shows  very  low  friction,  which  indicates  good  rub  tolerance,  but  is  badly  eroded  by  hot 
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f*a.s.  Tho  loHrt  ol’  hIu’oiuI  material  hy  eroHion  in,  of  eouvKe,  detrimental  to  pr*rformanco. 
On  tin*  other  hand,  the  <*erm«'t  material  harl  ^ood  eroKion  ri'KiKiaiu'e  hut  poor  rub  lolor" 
anee,  Beeauae  of  Ita  hl^h  frietion,  the  eermet  blad«’-tip  material  wouhl  trimafer  to  tho 
Hhruud  material.  ObvIouHly,  a trade-off  nuiHt  be  made  lieUveeii  rub  toleranoe  and  ero- 
sion reslhtaneo. 

The  N.\SA  experijuental  niab'i  ial,  liowa  ver,  shows  nuisonable  frli  iion  and  excel- 
lent erosion  reslslance  (fig.  ti).  'I’liese  (jualities  are  achieved  l>y  using  . plasma- 
sprayed,  solid  lubricant  (*oatlng  on  the  conventional  porous  metal  nuitciiul.  In  addition, 
this  lubricant  coating  is  formulated  to  provide  oxidation  rcsislanct';  and  further,  it  will 
reduce  leakage  flow  through  the  porous  structure.  The  photomicrograph  in  figure  7 is 
a magnified  cross-sectional  view  of  this  shroud  seal  material,  showing  the  plasma- 
sprayed,  solid  lul)rieant  surface  coating  on  the  porous  metal  substrate. 

Figure  8 shows  tho  same  view  after  a l<ntfc-edge  rub.  Knife-edge  mbs  are  similar 
to  blade-tip  I’ubs.  The  groove  indicates  a cleiui  rul),  with  no  metal  transfer  from  or  to 
the  knife  edge,  Tho  knife  edge  sliow'cd  no  measurable  w’oar.  The  coating  provided  a 
glassy  phase,  on  the  mb  suifiJcc,  that  acted  as  a higli-tcmperature  solid  lubricant. 

Tlie  preliminary  results  with  this  lubricant  coating  material  arc  promising.  However, 
furtlier  studies  and  additional  testbip;,  simulating  a complete  engine  cnvii’onment  and 
operating  cycle,  are  necessary  befoi’e  this  material  concept  can  be  used  in  an  engine. 
This  work  is  described  in  references  4 and  5.  A continuing  Lewis  in-house  program  is 
imdcr  way  to  study  this  approach  further. 

The  other  class  of  material  is  the  plastically  deformable  surface  materials.  These 
materials  are  almost  fully  dense  and  arc  characterized  by  their  low  yield  strength. 
During  a mb  these  materials  flow  plastically  and  at  the  same  time  offer  good  erosion 
resistance  (fig.  9).  They  are  generally  applied  by  tliermal  spray  processes.  One  of 
the  most  serious  problems  with  currently  used  materials  is  that  the  debris  is  not  in- 
nocuous. A program  (Contract  NAS3- 20054)  has  recently  been  started  to  very  funda- 
mentally investigate  plastically  deformable  materials.  The  goal  is  to  find  a better  sub- 
stitute for  the  currently  used  materials  and  at  the  same  time  learn  how'  to  make  morc- 
rub-tolcrant,  gas-path  seal  materials. 

HIGH-PRESSUUE-TFRBINE  TIP  SEALS 

In  higji-p  res  sure  turbines,  tlie  currently  used  engine  tip  seals  are  segmented 
shroud  seals,  which  are  limited  to  gas-path  surface  temperatures  less  llnm  1300  K 
(2000°  F).  Because  of  the  more  severe  environment  in  high-pressure  turbbics,  oxi- 
dation tuid  corrosion  resistimce  and  the  ability  to  withstand  thermal  cycling  are  addi- 
tional requirements. 

As  shown  in  figure  10,  some  curri’ntly  used  metal  tip  seals  are  merely  untreated 
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shroudB  compoBod  of  a cobalt-buBo  alloy  that  Ib  aoftor  than  the  blade.  However,  the 
rub  toleranee  Ib  minimal  and  only  very  light  rubB  ean  be  aecomruodated,  u currently 
UBed  rub- tolerant  Hurfaee  treatment  is  a direct- nintered  nickel- aluminum  alloy.  It, 
however,  is  also  limited  to  l.'KlO  K (2000*^  F)  gaH-path  Hurfaeo  temperatures.  Recently, 
contractual  work  (NAS-.'I-1890G)  has  led  to  the  completion  of  a development  effort  on  an 
improved  shi'oud  seal  material,  a hot- pressed,  sllglitly  porous,  nickel- chromium- 
aluminum  alloy  that  is  yttriu  stabiliised.  This  alloy  meets  all  operating  requirements 
and  extends  operation  to  about  11  GO  K (21  GO®  F),  This  seal  material  has  been  success- 
fully engine  tested,  and  presently  the  laboratory  fabrication  process  is  being  Uj  raded 
for  larger  volume  production,  I'lirtiier  engine  tests  are  being  conducted  under  this 
contract. 

With  current  seal  material  technology,  higher  turbine- inlct-temprr  '.roc  . ./.i 
can  only  bo  obtained  by  using  cooling  schemes  on  the  hot-jpis  h.e»*  o such 

schemes  are  shown  in  figui’c  11  - triuispi ration  cooling  anc  coolirg.  However,  the 
performance  penalty  for  this  additional  cooling  air  is  great,  and  larger  clear  nee  oper- 
ation is  necessary  to  avoid  rub  smearing  of  tlic  cooling  holes. 

Currently,  ceramic  turbine  shrouds  arc  being  developed  as  a means  of  extending 
uncooled- gas-path- surf  ; 'c  operating  temperatures.  Three  ceramic  material  systems 
are  being  investigated  - zirconia,  silicon  carbide,  and  silicon  nitride  (fig.  12).  The 
zirconia  system  is  a graded  cermet.  A metal- rich  composition  is  first  directly  sin- 
tered to  the  metal  supporting  shroud,  and  then  layers  of  progressively  more  ceramic- 
rich  materials  are  sintered  xaitil  a surface  layer  of  100- percent  zirconia  is  achieved. 
Finally,  a porous  layer  is  bonded  for  rub  tolerance.  This  work  Is  sponsored  by  the 
Navy.  A related  Lewis  program  (NAS3- 19759)  is  investigating  plasma  spraying  of 
this  cermet  system.  If  successful,  this  approach  would  have  a large  cost  advantage 
over  the  direct- sintering  process.  Also  it  may  be  applied  to  existing  shrouds  and  thus 
extend  their  life  and/or  operating  temperatures. 

Two  Lewis  programs  are  studying  silicon  carbide  and  silicon  nitride  systems. 

One,  under  contract  NAS3- 20081  is  investigating  density  variations  in  and  structural 
configurations  of  these  systems.  Another  program  (NAS3-20082)  is  investigating 
silicon/ silicon  carbide  substrates  coupled  with  a series  of  abradable  surface  layers, 
in  order  to  find  the  most  optimum  combination. 

In  addition  to  improved  shroud  seal  materials  studies,  work  is  being  conducted  on 
the  mating  turbine  blade  tips.  Both  treated  and  untreated  turbine  tips  are  being  stud- 
ied. Recent  work  has  shown  that  turbine  blade  tips  can  wear  under  certain  conditions. 
Abrasive  grits  such  as  aluminum  oxide  and  silicon  carbide  bonded  to  the  blade  tips  are 
being  evaluated. 

All  these  ceramics  approaches  show  much  promise  but  must  overcome  many 
problems,  particularly  the  thermal  shock  resistance  common  to  all  ceramics  and  the 
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attachment  of  the  ceramic  to  the  metal  supporting  structure  because  of  differences  in 
thermal  expansion  properties.  Satisfactory  progress  is  being  made  and  we  probably 
will  see  ceramic  seal  technology  applied  in  the  1980*  s. 

CONCLUDING  REMARKS 

Only  a few  of  the  many  ongoing  programs  in  gas-path  sealing  technology  at  the 
Lewis  Research  Center  have  been  presented.  Promising  high-pressure-compressor 
and  turbine  tip  seals  that  will  make  possible  improved  performance  are  being  devel- 
oped. Because  of  the  necessity  for  conserving  energy,  there  is  a pressing  need  to 
improve  and  better  retain  engine  performance  in  an  economical,  low-maintmiance,  and 
safe  way.  This  goal  can  be  achieved  by  improved  seal  technology,  which  will  be  evai 
more  critical  in  meeting  the  requirements  of  future  hi^- performance  engines. 
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(a)  Sintered  metal  particles. 


(b)  Sintered  metal  fibers. 


Figure  5.~  Compressor  tip  seals  with  porous-metal  surface  treatments 
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ADVANCED  INLET  DUCT  NOISE  REDUCTION  CONCEPTS 
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SUMMARY 

This  paper  is  a progress  report  on  the  implications  of  inlet  noise 
reduction  on  aircraft  direct  operating  costs  (DOC) . It  considers  treated 
inlet  rings,  various  other  inlet  noise  reduction  concepts,  and  forward- 
speed  effects.  The  paper  has  been  limited  to  relatively  well-established 
approaches  to  inlet  noise  reduction,  such  as  acoustic  liners  and  fixed- 
geometry/high-subsonic-speed  inlets  which  are  the  focus  of  considerable 
current  research  activity.  All  of  the  concepts  discussed  will  be  of  a 
"passive*'  nature,  i.e.,  no  moving  parts  or  electrical  feedback  systems. 

More  futuristic  approaches  may  include  variable  inlet  geometry,  inlet  sprays, 
and  in-duct  cancellation.  These  "active"  approaches  may  be  applied  at  some 
future  time  after  the  passive  approaches  have  been  more  fully  exploited. 


INTRODUCTION 

Inlet  noise  is  a contributor  to  the  total  noise  signature  of  commercial 
jet  transport  aircraft  that  must  be  controlled  to  achieve  community  accept- 
ability and  to  meet  current  and  future  federal  noise  regulations.  Efforts 
to  control  inlet  noise  are  either  at  the  source  through  proper  design  of 
the  rotating  components  so  as  to  minimize  the  generation  of  noise  or  by 
appropriate  modifications  within  the  inlet  duct  so  as  to  inhibit  the  radia- 
tion of  turbomachinery  noise  from  the  inlet  face.  The  last  decade  has 
witnessed  efforts  by  the  universities,  the  government,  and  private  Industry 
to  identify,  develop,  and  implement  a variety  of  methods  for  inlet  noise 
control.  An  imaginative  research  effort  continues  to  improve  on  established 
methods  and  to  produce  new  ideas. 

The  purpose  of  this  paper  is  to  present  a progress  report  on  current 
efforts  by  describing  various  approaches  to  noise  control  within  the  inlet 
which  show  promise  for  future  applications.  Included  in  the  discussion  are 
treated  inlet  rings,  refracting  inlets,  variable  impedance  liners,  hybrid 
inlets,  and  forward-speed  effects.  Not  included  in  this  paper  are  the  more 
futuristic  approaches  to  inlet  noise  reduction  which  would  involve  variable 
geometry,  inlet  sprays,  in-duct  cancellation,  and  the  like.  A summary  of 
these  concepts  is  given  in  reference  1, 
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Aa  a reminder  of  the  nature  of  the  problem,  a schematic  example  of  a fan 
nolae  narrowband  spectrum  that  may  occur  within  an  Inlet  Is  shown  In  figure  1, 
Superimposed  upon  a background  of  broadband  noise  are  pure  tones  occurring  at 
multiples  of  the  blade  passage  frequency.  Among  the  more  Important  sources  of 
these  tones  are  the  Interaction  of  rotating  blades  and  statlouary  vanes  with 
upstream  generated  wakes,  atmospheric  turbulence  and  ground  vortices,  wall 
boundary  layers,  and  Itiflow  distortion  resulting  from  crosswinds  and  angle  of 
attack.  On  occasion  combination  tones  can  be  observed  which  occur  at  the  sums 
and  differences  of  the  harmonics  of  tones  from  multistage  devices.  When  the 
relative  Mach  number  Into  the  fan  blades  becomes  supersonic,  shock  waves 
created  at  the  blade  leading  edges  spiral  down  the  duct  to  form  "multiple  pure 
tones"  (MPT).  This  fundamental  MPT  occurs  at  the  shaft  speed,  and  there  may  be 
higher  harmonics  which  create  a very  ragged  sound  spectrum  and  have  a "buzz- 
saw"  sound.  In-duct  levels  of  broadband  noise  on  the  order  of  120  to  130  dB 
have  been  measured.  Tones  may  extend  10  to  15  dB  above  these  levels.  Overall 
noise  levels  near  the  fan  of  150  to  160  dB  are  not  unusual.  In  this  paper, 
methods  of  reducing  fan  noise  within  the  Inlet  duct  are  described,  whereas 
methods  of  reducing  the  noise  at  the  source  by  modifications  to  the  fan  itself 
are  not  considered. 


SYMBOLS  AND  ABBREVIATIONS 

c speed  of  sound 

D Inlet  diameter 

f frequency 

\ length  of  acoustic  treatment 

m spinning  mode  number 

M Mach  number 

BPF  blade  passing  frequency 

DOC  direct  operating  cost 

EPNdB  unit  of  effective  perceived  noise  level 

PNdB  unit  of  perceived  noise  level 

PNLT  tone-corrected  perceived  noise  level 

SPL  sound  pressure  level 


QUIET  ENGINE  PROGRAM 

Several  years  ago  Lewis  Research  Center  completed  the  Quiet  Engine  Program. 
One  of  the  program  objectives  had  to  do  with  the  exploration  of  inlet  splitter 
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rings  for  nolso  suppresBion*  A photograj^h  ol  ono  of  those  engines  with  three 
inlet  rings  is  shown  In  figure  2.  At  that  time  the  state  of  the  art  indicated 
that  inlet  rings  were  required  to  Bubst/intJaliy  reduce  inlet  noise  below  the 
standards  of  Federal  Aviation  Ktq^ulatlou  Part  36  (FAR  36;  ret#  2)#  This  belief 
was  based  in  a large  part  on  the  rejuilts  from  duct  theory  and  experiments  being 
used  for  noise  reduction  prediction.  Figure  3 (ref,  3)  depicts  some  results 
from  this  inlet  ring  study,  Perec'ived  noise  level  Is  plotted  as  a function  of 
azimuth  angle  measured  from  the  inlet  axis.  There  was  a significant  reduction 
in  noise  at  all  angles  for  the  wall -only  treatment.  The  inlet  with  splitter 
rings  yielded  noticeable  additional  reductions  between  10  and  50  only,  A 
conclusion  that  may  be  drawn  Irom  these  restilts  is  that  adding  the  complexity 
of  inlet  splitter  rings  produced  small  additional  noise  reductions*  This 
result  may  have  been  due  to  the  fact  that  the  wall  treatment  performed  much 
better  than  expected  or  that  perhaps  a noise  floor  was  encountered  at  the  level 
reached  by  the  wall-onlv  treatment,  thereby  preventing  further  reduction  by  the 
rings. 

Using  1972  acoustic  technology  from  the  Lewis  Quiet  Engine  Program,  acous- 
tic and  economic  trade-offs  were  calculated  by  the  General  Electric  Company  as 
shown  in  figure  4 (ref,  4),  The  curve  indicates  the  trade-off  between  DOC 
and  noise  reduction  achieved  by  the  use  of  acoustic  treatment.  This  curve  is 
based  on  the  experience  with  the  low  fan  cip  speed  used  on  Quiet  Engine  **A, 

The  initial  point  on  the  curve  is  for  the  untreated  engine  configuration.  Sub- 
sequent points  are  for  incremental  additions  of  acoustic  treatment  with  the 
final  point  representing  a three-ring  inlet  and  a two-ring  exhaust  duct, 

A result  from  this  analysis  is  the  penalty  on  DOC  incurred  through  the  use 
of  1972  acoustic  treatment  technology  to  achieve  noise  levels  10  dB  or  more 
below  the  standards  of  FAR  36,  The  curve  indicates  that  the  economic  cost  of 
reaching  this  noise  level  is  too  high.  This  paper  will  attempt  *to  show  that 
the  slope  of  this  curve  is  being  cluanged  by  current  research.  The  exact  change 
is  not  known  but  definite  itaprovemexits  are  indicated.  Another  Quiet  Engine 
Program  may  be  appropriate  in  the  future  to  determine  more  precisely  the  new 
acoustic  and  economic  trade-offs. 

Figure  5 (ref,  4)  shows  predicted  attenuation  of  sound  power  as  a function 
of  frequency  based  on  1972  noise  source  assumptions  allowing  only  axi symmetric 
modes.  The  amount  of  attenuation  obtainable  sin'.ply  depended  upon  the  amount  of 
treatment  that  could  be  put  in  an  inlet,  and  for  higher  frequencies  large 
amounts  of  treatment  would  be  required  to  produce  only  modest  amounts  of  noise 
reduction.  The  data  points  above  this  curve  indicate  acoustic  measurements 
with  the  quiet  engine,  two  tans,  and  a JTRD  engine.  The  noise  reduction  results 
were  much  better  tium  predicted.  The  d i screpanc ies  between  the  predictions  and 
the  measurements  caused  a re-tvalual i on  ot  the  dnet  theory  assumptions,  A 
probable  explanation  for  tlic  i'verlv  conservative  prediction  is  the  noise-source 
assumption.  Figure  6 irulic,  ti  s scdtenal  icallv  the  actual  acoustic  pressure 
pattern  generated  by  rotor-stator  interaction  or  a supersonic-tip  speed  rotor. 
When  tliese  spinning  nx>ilc  ptil  terns  are  accounted  tor  in  the  tlieory,  the  maximum 
possible  sound  attenuation  is  in^  rcastsi,  i igure  7 (ret,  5)  shows  ttie  eifect 
of  the  presence  of  spinning  nu'»des  in  tin'  sotirct'  on  maximum  sound  power  attenua- 
tion as  a tuoctlou  cU  l t <.M{uen<-y , 1 he  l(>we!'t  cur^’o  repiesents  the  axisymmetr  ic 
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source  assuniption  tli/it  wsr»  iii.uN*  vHflt  Mm  tlu^ory.  The  ssino  cxperiniento] 

dots  hus  boon  plotted  fui  the  rnivf  . f li;if  Milfi  j»ound  description  can 

account  for  the  level  nj  eyp^r  hurts  tl  d.ti.i,  WIhmi  M brronien  possible  to  measure 
the  nolso  sources  InjMde  Mu  ’ir  i MM»rnM<  hhirs  It  ni/iv  become  apparent  how  Rood 
these  new  theoretical  asstimpf  loin;  .nr.  \/nM'  Im  rmriMitly  underway  to  measure 
these  noise  sources  statically  <md  Imprlnllv,  lii  tlu‘  luture>  In  a lllRht 
environment. 
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duct  liner  concepts  for  improviur,  tin*  srtmd 
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acoustic  treatment.  The  rooIs  of  tlilr  wotl<  art^  to  broaden  the  bandwidth  of 
absorptioni  to  improve  low**!  recjuom  v alraopt  ion  i haracteristics,  and  to  achieve 
more  absorption  v/ith  less  weiR.ht  aiul  voUnue  t>i  tteatmeut.  An  extensive  review 
of  duct  acoustics  and  duct  Itiuo  rotu  opt  s tr.  r.lvcn  in  re^ference  6.  More  recent 
advances  are  contained  in  reference:;  1 and  7. 


Rt*l  ra<’t.  i ii}\  1 nU‘t 

A relatively  new  noise  reductioti  rnTiopt  i » rtnei!  a ’^refracting  inlet’  has 
been  proposed  in  reference  fhe  1m ale  phenonu’iion  to  be  exploited  in  this 
Inlet  is  illustrated  in  the  sketch  at  Mir  upprt  lei t of  figure  8.  In  the 
experiment  depicted,  a sound  v^Mve  ttavrlinp  upstream  in  the  narrow  portion  of 
the  duct  is  seen  to  be  refracted  towatd  llie  Irwer  wall  after  passing  through 
the  throat.  It  is  believed  that  thi:;  rettarti»m  is  caused  by  the  velocity 
gradients  present  near  the  tliroat  , part  Imlarlv  near  the  lower  wall.  The 
amount  of  r'^fraction  is  a 1 tine t ion  ol  :;otmd  wavrliaip.th  and  flow  speed.  This 
experimental  result  suggests  that  it  mav  hr  pt»jislhl<''  to  use  controlled  refrac^ 
tion  of  sourd  waves  to  reduce  1nlc*t  iiri.rr  idiriwn  in  figure  9.  The  data  of 
figure  9 are  based  on  recent  Jabot  at  ot  v tr  ;t  ;*  liv  suitably  tailoring  the 
gradients  in  the  inlet  flow,  nol:u»  ptopac.uinr.  within  the  inlet  is  redirected 
towards  wall  acoustic  treatment*  Iti  anotli’i  t*a:ui  the  radiated  noise  could  be 
directed  away  from  the  ground,  liv  iiit<*^'t  lti)\  more  sound  energy  onto  a liner, 
the  efficiency  of  acoustic  iteatpuaii  fiirdit  It  i )\n  i t icantly  enhanced.  Research 
is  currently  underway  to  cxploti*  mor»  MiMv  the  ptotormance  and  practicality  of 
the  refracting  inlet  concept. 


V,u  i .ih  1 r liup^  d.llM'i* 


One  approach  to  im  reasiip,  I i lu  i • 

concept  illustrated  schemat i ta 1 I • in  itrnii 
of  liners  having  different  in»]’edath  < .o  e i 
tially  around,  the  inlet  . om  ( m « « n.  » i’  < 
patterns  and  jjmoothing,  ovei  ahmpt  ■ li mr<  . 
continuous  variation  in  imptdaipo'.  II  * « o 
In  believed  to  break  up  tin  ord.  r’v  » IM 
duct  and  mav  redistribute  i (U  Mh  n - - 


. pf  imm  is  t Ik*  variable  impedance 
, ! ^ In  its  simplest  form,  segments 

1 a>.  lallv  along,  or  circumferen- 
. < ♦ . oi;d'jnita‘  tliese  two  discrete 

IP  llnii  ptopi‘ilies  t<>  produce  a 
tt-tiMv  -hsigneil  cluinge  in  impedance 
I » i,  {mm  Iouim!  in  a unilormly  lined 
t !<  « 1)10  p.v  Into  I’utol  r modi's.  The 
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axially  r.p|»muni  imI  I mu  i Ii  i Im  * »»  LlH-»tjret  I ual  ly  ami  rxprr  liauntaJ  1 y 

bocauHO  li  i;*  <m  hi  m ■ - ni  rlthh  h n iatlvplv  »‘aMy  til  fu’t  ufi  In  a laboratory 

or  to  oHaiiilno  iIm-'mii  .11  lOfimnna  vail/itlon  of  IfufMMlanro  nay 

afi  a UHoliil  I on.  * I'l  wli.  r Miihl'.t  I (at  ml  l/;briration  t.m’bol  ipioa  auil  iU*filp,n 

proiM-M-luroa  1m  ( (hm‘‘  * * (i  I il*l<  In  p o i t<  hI<h  bulk  alnwirbliip,  naii*rlalo  aro 

j’jf  I Pjt  (*anai(l.(i»  ■ lio  I n;*  i ar  Inlolfi  boriitino  liI  now  tnaf  orlal  ava  1 1 abl  1 Ity  # 
Bulk  maloria  I n b*  nrnb  lo  Imvi  ( out  I minus  I y varyJtp*  Impodamo  talloroU  for 

a particular  uoIjio  nMn.i-, 

Data  on  tlin-o  a .iiM  v . scioni  ml  lluors,  obtalnml  usinp,  tin*  'J0.48-'om-illaraotor 
(12  inch)  rcfUMjili  . ompi*  ..  «o  (u  Mm  batip.loy  anoclioJc  iiolso  facility,  arc  shown 
in  fljpirc  11,  l‘v  phn  iiM'  •'oi.m:  < otnb I uat  1 ous  of  m*p,montml  treatment  In  the 
compresHoi  lulol,  a pai  m'm  i i l<  ilmlv  ol  Si‘p,meuled  liner  coni  ip,uration{»  was 
conducted  Ln  ruupn  a(i<»n  Mn-  Smioral  Klmtrlc  Company,  Tin*  spi’ctra  In  the 

fip^ure  are  lor  a baid  wall  Inlet,  a uniform  liner,  and  one  of  tlie  acoustically 
better  three-stMvm  nl  llnet;..  It  can  b(*  seen  that  the  ihree-sep,mt‘nt  liner 
produces  p,realer  noija*  redin  t Ion  Ilian  the  uniform  liner  in  the  low*~  and  mid- 
frequency  ranj*e,  as  W(»uM  be  c*vp^*t*t  i*d  because  of  the  two  thicker  treatment 
sections,  Moreovio  , iIm-  b 1 pli- 1 MMjumn  y attenuation  Is  maintained  with  the 
segmented  J iner  <’ven  ilMMedi  a ahhil  l<‘r  amount  of  high-frequency  treatment  is 
present.  One  oi  the  .Mpi*'.  «(|  (air  r<  sit  research  is  to  expand  to  liigher  values  the 
frequency  ranp.i’  over  \;hit  ii  *a‘j»iuenl  etl  treatment  produces  significant  additional 
noise  reduction.  j)ai  a am  h as  these  sn}»gest  that  multisegment  liners  may  be 
superior  to  nuiloim  I iiMoa  ami  that  the  concept  deserves  further  careful  inves- 
tigation. Probably  I 1m-  m«»  I nrp, cut  need  at  the  moment  is  for  well-controlled 
tests  of  multise)*,ment  and  mufoiin  J Lnors  optimized  and  tested  for  a known  noise 
source  in  order  le  sat  a t ! tie  comparison  of  their  relative  merits.  It  will 
take  cpeciai  can  to  d«»  tbia  ;.talicalLy  in  view  of  what  is  now  known  about  the 
effects  of  inha  IuMmiMu. im  I n rbomachinery  noise  generation. 


Ilvbr I d i nlets 

In  a hvbrul  inlei  iiOP:  aointjc  treatment  and  high  subsonic  vi*loi:ity  air- 
flow are  combined  t«‘  t.dm*  nol;u*.  Uy  operating  at  average  throat  Mach  numbers 
somewhat  less  tb.m  I Mh  tic  aej  <Mlyn.ami  c performance  penalties  associated  with 
the  sonic  inlet  an  tnitMinl  oa.  Inp.nn*  1 !!  (ref.  9)  shows  a comparison  between 
a near-sonic  iuli  t n»d  ,j  ti.bi  id  inlet  lor  tlie  HASA  l^CSEK  eng.lne.  this  I igure 
indicates  a reJ.iiiv*  Iv  .:>i  i M n*dmtiem  in  total  pressure  recovery  after  treat- 
ment Wtis  added.  In  thi  c.r  iIm'  noim*  reduction  achieved  a.s  a result  ot  the 

higli  subsonic  ;pocd  lit'.l  • is  ,Mc\!nent‘*d  by  stnmd  absorption  at  the  <icjustlcally 
lined  walls,  llieso  M-Mrii.  . 5m  t , lo  I ei  1 1;  I i cs  of  the  liybrid  inlet  are  indicated 
in  figure  \ \ wbi(b  cb  -.-o  dote  ioi  on  i‘xperlmental  hybrid  inlet  compared  with 
data  lur  a bord-woM  .o  bii-Ji  subsonic  Macli  nnmt'cr  Inlet,  i ti  thlti  Ctise, 

the  baseline  inlet  \ i t.->n,.|  t,.  pi  ndneo  :;1M,  noim*  rednetimts  ot  up  to  ,M)  dii  at 
an  avetap,e  thioMt  ‘io»  b \Mtli  the  addititni  ol  wall  treatrietit, 

additii»nal  noi:.«  i.dm'O'”  . i 'bi.itnel  Minmpjiont  the  opiratini*  ratnv’  as 
imlic.iteil  by  tin*  npp*  • lb*  lull  piilential  of  I ht*  hybrid  inii*t  concept 

remains  to  be  <•  pi  i«d.  iii.  n u**  :.*";oral  directions  for  Jnrther  researcli  using 
the.  hybrid  inUa  <-..n<  • ; l , n*  b o - llio  ^onblmol  use  ut  sejatunled  acomM  it'  trUiit- 
meat  to  ii'piov  ‘inm*ol.»n.  md  wiml  tunnel  or  Ilip.bl  testing,  to  optimize 

aer od yuan i * ’ i n d » . . » i • o • • j • t • o pioi m < * In  tin*  p r< * s en (' e of  1 1' rv/ a rd  s. pi*e d , 


I’l  v'M*''  ^ 
; •JjO/'vLXr/' 


48 '> 


l.llH.'l' 

TlilH  tliHi’UiiS  ii'ii  w.Mil.l  not  Ih.'  ct)i  ip  I cl  I'  nciil 

ILmr  doHir.nfi  <»1  Wirt  i»l  Liu*  1 M urn  I u ^oi.i 

Invvmt  Iviuuuui  Imu  proilmuil  u mi(iilu*r  “l  tmi-pr*  jM‘t»rutrfr 
t;'.  r(*sona|nr  wlild)  an*  lu*ln)',  r.»nu  i .Ut<*<1  its 
Aiiuuip>  tluuu*  ar*»  Pt*i  r.i4>|)  t i<pi(-* ^ ;n*li  1 r.opli»>h  mu'u  iiul  i <iU  a 1 
to  the  p,eometriral  »h‘ulj’;n  of  tiu*  l»a«  i inp,  « av/ilia.s.  l|u- 
havi.’  excelU*nt  lov.—  Ma*«pH*iuv  nul:u-  ii'durilnn  <pMlilI<':  * 
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FOW/AKlJ-SIMU:!)  KKi*n;Ta 

The  flidit  noise  data  prcuseiUed  wete  :<K*a;Mired  hv  tlu  iMup.la:;  xlr<‘ra1L 
Company  (ref.  i) . The  mensuriuj;  Lt*chniMUe  i»mpluved  included  a etiich  el  :»rouna 
microphones  ami  sophisticated  techulques  lor  irackinn  the  a I . laa  i i I M cjit  path, 
inciudinp,  tlu’  •<!rpl;;r.»  J.u^LLi^u  ami  upcml  relative  Lu  the  ..havrvMi  imi  point. 
Engine  corrected  speed  wa.s  careful  ly  controlled  ami  alnuaphei  )<•  v/ca(lmr  con- 
ditions were  monitored. 

The  static  noise  data  were  measured  on  an  enp.iiie  led  stand  '.’ilh  I ir-l  ield 
microphones.  In  order  to  compare  static  diata  with  fli  d-t  dii.  , ll  v.  ucces.sary 
to  project  tlie  static  data  to  fllplif  comlitions.  The  procedure  . u.;ed  .u-connted 
for  the  number  of  engines,  aircraft  fHg.ht  ))ath,  air  speo,!  and  i ' I i I ade , atmo- 
spheric absorption,  f)op))ler  sliitt,  and  acoustic  patu  ienclii.  .»ppiop>  'al.i 
corrections  were  also  .applie.i  to  tlie  jet  noise  component  of  tin  speotra  to 
account  for  the  effect  of  relative  velocity  on  tills  noise  c<.-mi..eccr.L . 

Flight  dii-t.:  on  a LFh-(i  enc.Lne  were  odiaLm.  d oa  a iK'-Jd  I'l.'U.i  I lat  Lon  where 
the  nacelles  leave  fixed  ..o"v':ry  inlets  and  arondi.-  UealmeiU  on  tec  •■-„l  walls. 
A comparison  o I lip.hl  and  prc'iectcd  static  1 .a,i  Line  aisLoi  i..  e.i  in 

figure  14.  For  Lhis  enp.ine,  tlic  i light  data  nc  i l.c  if  I'Ndb  less  Ll  an  the 
static  projection  depemlinc,  on  thi’  ttnu*  or  pi'sit  mm  at  wii'iic  t 'ic  ii.'pm  i.-on  is 
made.  Figure  15  shows  a spectral  conparisen  ol  these  data  at  an  inlet  »- 

about  70°,  corre.spomllie',  to  Llic  p/eal.  luict  tan  noii.e.  Kiiil.e  L:c  .-.l.iiii.  i ata 
clctirly  rc*VGiil  Lho  proscnco  oi  liu*  tun  i luuiuiuLUii  ul  Loiu*,  it  .h.>Liil  in  tic. 

flight  data.  frequencies  hlgl'.cr  tliau  1.1k  f.in  fundament  ■'!  l re.;. icm.-v,  the 

projections  fnim  Liie  static  data  reniin  lilgaiT  tlmn  tin..'  ! ! hi  n.ii.i. 

The  tremls  of  ft)>,ure  1.5  were  also  .iliserved  wlicu  the  spe.-i  ra  •.  ero  compared 
at  the  maximum  PNLT  values.  The  maximum  values  correspond  to  aft-iadlated 
noise  for  this  engine.  Thus,  a major  differenee  hetwcou  lli>'.ht  am  - latic  i ata 
is  the  absence  of  the  fan  fnndamontal  tone  In  tlie  'Meju  «lai.t.  ’sc  .. -'.cnee  ul 

this  tone  probably  accounts  for  a s I g,n  1 1 Lean  I.  icul  o!  ilic  r.  dist'cn  in  tiignt 
I’NLT  values  relative  to  the  itat  Ic  pro  I ec  t 1 mi  . . 

The  presenct?  ol  the  tan  fnndaucntaf  in  .In  laiic  d m .-i  sm-'n  nt  s t lut.  it  had 
to  be  produced  hv  a dlltercnt  noise  source  dniine  st.iiic  lesli'n;,  in.it  was  absout 
during  fllg.lit  tests.  The  source  i;;  thoi, Ju  to  l.c  ii.llow  di-c  t ion  .amo- 
spheric  turl)  til  (Mice  . 


f 


f 
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Aside  from  the  disturbing  conclusion  that  static  fan  or  engine  data  are 
to  some  degree  unreliable  because  of  unsteady  inflows,  the  Important  conclusions 
from  flight  data  are  that  these  unsteady  inflows  are  minimized  and  that  acoustic 
**cutoff”  can  be  realized  to  yield  noise  levels  substantially  less  in  flight  than 
would  be  expected  from  projection  of  the  static  data  to  flight. 

Research  is  currently  underway  (ref.  11)  to  explain  static  noise  results. 
The  product  of  this  work  will,  hopefully,  improve  the  quality  of  future  fan  and 
engine  static  tests. 


CONCLUDING  REMARKS 

This  paper  has  presented  an  overview  of  certain  passive,  advanced  concepts 
for  the  suppression  of  noise  within  the  Inlets  of  gas  turbine  engines.  A 
status  report  of  research  on  inlet  acoustic  liners  and  high  subsonic  Mach  nundier 
Inlets  has  been  given.  Some  directions  for  improving  these  suppression  methods 
have  been  pointed  out  and  certain  research  and  operating  problems  have  been 
highlighted.  Attention  has  been  drawn  to  several  ideas  which  may  find  practical 
application  in  the  future  and  some  optimism  has  been  shown  regarding  minimizing 
operating  losses  for  engine  noise  reduction  concepts.  These  concepts  can  be 
expected  to  improve  the  relationship  between  noise  reduction  and  direct  operating 
cost. 
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Figure  3.-  Effect  of  inlet  suppressor  configuration  from  Quiet  Engine  Program, 
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Figure  4.-  1972  relationship  between  estimated 
perceived  noise  level  and  direct  operating 
costs  from  the  Quiet  Engine  Program. 
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Figure  9.-  Improvement  of  linear  effectiveness 
by  refraction;  M = 0.35. 


CONTINUOUS  VARIATION 

Figure  10.-  Variable  impedance  liner  concepts. 


Figure  13.-  Hybrid  inlet  acoustic  performance  for  QCSEE  engine. 


Figure  14.-  Comparison  of  flight  an<l  projected 
static  noise  histories  for  CF6-6  engine. 
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Figure  15.-  Comparison  of  flight  and  projected  static 
Inlet  sound  pressure  spectra  for  CF6-6  engine. 
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DEVEU)PMENTS  IN  AIUCHAKT  JE'I’  NOISE  TEniNOI/KJY 

Oi’l:mdo  A.  Oiiticnv/.  anti  .lanit  s M,  Slone 
NASA  Lewis  Ueseareh  C’enler 

SI  M.MAHV 

This  paptM*  briefly  deseiibes  sluiiilicainl  developments  In  two  areas  of  jet  noise  tech- 
nology: the  development  of  jet  noise  leehnolony  relative  to  coanmilar  nozzles  of  all 
types,  and  a recent  approach  to  the  analysis  of  niuht  effects  that  appears  to  allow  simu- 
lated flight  effects  results  to  be  tnmsformed  to  actual  flight  conditions  with  a high  dcurce 
of  confidence.  'Fhe  cosmnular  nozzle  section  presents  j-esults  applieuble  to  ldnh-b\  pass- 
ratio  turbofan  engines,  as  well  as  current  work  on  inverted-profile  coannular  nozzles 
applicable  to  low-bypass- ratio  turbofsm  engines  suitable  for  use  in  future  supersonii- 
cruise  aircraft. 


INTIK  )Dl  C'TIUN 


This  paper  reviews  some  of  the  progross  made  in  jet  noise  teclmologv  since  the  Aii- 
craft  Engine  Noise  Reduction  Confcrenc-e  held  at  the  NA.SA  Lewis  Research  Centei- 
4 years  agp  and  I'eportcd  in  reference  1.  During  this  lime  spmi.  Lewis  in-house  and 
contracted  technology  pix>grams  have  been  conccroed  with  noise  problems  typical  of  a 
variety  of  aircraft,  as  illustrated  in  figure  1.  These  aircraft  Imdude  conventional  air- 
craft (CTOL)  and  powered-lift  aircraft  using  engines  located  over  tlie  wing  (OTWi  ;uid 
under  the  wing  (UTW),  all  of  which  use  medium-  to  high-b\pass- ratio  lur»'ofan  engines, 
as  well  as  supersonic  cruise  aircraft,  which  use  low-bypass- ratio  turbofmi  engines, 
Common  tc  .11  these  aircraft  is  the  use  of  some  type  of  turbofan  engine.  This  luis  been 
reflected  in  the  emphasis  placed  on  the  study  of  cotuinular  jet  noise,  as  is  described  in 
this  paper.  In  addition,  a recent  approach  to  the  understtuiding  of  tlie  effiads  of  flight  on 
jet  ^gine  exhaust  noise  is  discussed. 

Other  significant  jet  noise  work  being  carried  out  at  Lewis  In  such  fields  as  jet  noise 
suppressor  technology  and  jet-surface  interaction  noise  have  not  been  covereti  in  tliis 
paper  because  of  time  limitations. 

roANNl  LAH  ,IKT  NOISE 

Because  turbofan  engines  are  the  primary  candidates  for  all  these  t\pes  of  aircraft, 
ttie  study  of  coannular  jet  noise  has  been  of  cartlinal  lmport:mce.  Elguie  2 is  a gener- 
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of  ,1  ooimn.il.tr  no/, /Jo  Hhowlim  Ihc  innor.  or  ooro.  no//lo  ,-uirrouinlf.l  by 
Ilf  ooi.  r.  or  fiin,  no//k.  Tin-  two  oxlnmnl  . Ir.  i.ni.s  form  tlirco  roHloim  of  Uirlmloinf 
ilml  imporumi  In  Iho  Mtnori.tiun  of  jii  .,o|,so  flu-  ri-nion  wlu-ro  llio  .-on-  flow  inul  fnn 
flow  mix  tr.  |.ion  b.  llu*  roK.'un  win  io  Urn  fmi  How  mixc-.s  with  llm  .unbii.nl  air  (r^•^lon  llu 
ami  Iho  .••■pioii  wlmro  (ho  moi'nod  jol.s  mix  with  (ho  amblont  air  ( roj-lon  111).  Kaoh  of 
llio.-^o  iv('.ion.s  Ki'nor.ato.s  nol.so.  ami  Ihoir  lolallvo  imporl.inoo  lo  (ho  ovoiall  |ot  nolso 
•.hmaliiiv  of  a p;irUoiilar  loanmil.-ir  no//lo  Uopoml.s  on  Iho  rolallvo  ,s|/os  ami  volo<-ltio.s 
of  (ho  iwo  ,s)  ivanns. 


fonvondonal  ('oanmilar  No//los 

0\or  (ho  p:i.s(  low  >oar«  a larRo  aniouiK  of  rosoaroli  ha.s  boon  tiono  on  (ho  |o(  nolso 
ohara.  (orl.sdos  of  "lonvtndonal"  ooimnnlar  noz/los  (o.  r.  , rofs.  2 luul  :b.  I’lRuro  .*1 
how.s  (ho  oharao(ori«dos  of  (ho  oonvondonal  lommular  nozzlos.  Thoso  nozzles  have 
laiRo  fan  aroa  (o  ooro  area  ratios  ami  dm  volooity  (o  ooro  volooily  ralios  loss  Uian  1.0, 
In  lhi.s  (\po  of  oommnlar  nozzlo  (he  ooro-tlow/dm-now  {md  morgod-jot/amblont-alr  mlx- 
iJiR  roRlon.s  aro  (ho  slRidflomU  noiso-pixiduoiiiR  pai  ls  of  (ho  jot.  Those  nozzles  are  ap- 
plioablo  (o  hlRh-bypass- ratio  (urhoftm  oiiRino.s  suitable  for  oonvondonal  and  S'l’OL  air- 
or.dl  applioadons.  as  well  as  (o  such  rosoaroli  faollities  as  free  Jets. 

Kxporimontal  work  has  boon  ooiuluototl  (rofs.  1.  :t.  suid  4)  on  soale-model  nozzles 
of  this  (xpo.  ooveriiiR  suffiolent  variations  in  area  ratio,  velooity  ratio,  and  exK^plane 
uftsots  to  permit  prodiotion  ourves  (o  bo  Ronorated  for  this  type  of  ooaimular  nozzle, 
iho  resuKs  aro  shown  in  figure  4 as  a ohange  in  noise  from  a referenoe  level  as  a func- 
tion of  \olooity  ratio  for  a series  of  area  ratios.  I'he  referenoe  level,  referred  lo  as 
sMUhosis.  is  the  antilogarithmio  sum  of  the  noise  levels  expected  from  each  stream 
oon.-idereil  as  a convergent  nozzle  acting  alone  and  thus  represents  the  noise  level  that 
would  lie  observed  in  the  absence  of  interaction  effects.  .This  referenoe  level  also  cor- 
responds to  the  results  of  early  jet  noise  prediction  methods  such  as  ref.  5.)  The  maxi- 
mum imise  reduction  obtained  for  faii-to-eore  velocities  ratios  less  Hum  1 increases 
with  ;ui  increase  In  area  ratio  from  mi  InsiRiiificmit  amount  at  an  area  ratio  of  0.5  to 
11  dd  at  an  area  ratio  of  10,  'Hie  velocity  ratio  at  which  the  maximum  reduction  occurs 
varies  l.etween  o.  5 ami  0,4,  depending  on  the  area  ratio.  As  a practical  application  the 
veloi  lt.v^  ratios  used  In  conventional  mid  STOl.  litgli-bypass- ratio  engines  are  above  a 
value  of  approximately  0.7  for  perforniimce  reasons,  which  limits  the  eoannular  reduc- 
tions for  practi.-al  use  to  between  :i  mid  4 dd.  Ihe  ivduetlons  in  noise  such  as  shown  in 
this  tigure  (developeil  from  the  data  of  lef.  .4)  have  been  incorporated  into  design  pix»- 
cedures  such  as  the  NASA  Aircraft  Noise  Prediction  Program  (ANOIMb  (ref.  0)  and  the 
«-nrrcnt  pro|x)sed  Society  of  Automotive  Kng4neei-s  (SAK)  pre<licUon  pi-ocedui-es.  'Iliese  * 
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,|,.!-ir.n  iitv  not  lo  cniuuuilnr  with  lun-to-fore  vcloflty  rn- 

lios  lli:m  1 '• 

In  VI  • 11  !•<  k \'flo(  • II  ^ I * roll  U' t 'oimnul  m r 

fii:mmil:ir  Hull  pmiliu'c  Imvrtc-d  vdot  lly  prollU'H  (km  velocity  hiKhc'r  thim 

lo.  itv  com  li;.\c  i.cionic  iiiicivstiim  ciuididatcs  I'or  nppllcution  to  low-liypasH- ratio 
p, ,i„„ .,n  ..nrincs  Tlu>sf  urines  arc  bcinn  consldcrcci  lor  uhc  In  future  supersonic 

;,i,,.raii  This  upc  of  no/./lc.  shown  schematically  In  flRure  5.  Is  charactci-lzed 
In  a small  la  a- lo- core  area  ratio  .of  Ihc  order  ot  1 . 0,  and  a fan-to-core  velocity  ratio 
in  du>  I anre  ol  I . d to  ‘t  W ilh  this  t\|ic  of  noz/lc.  the  km- flow ''ambient-air  and 
mcrycdlicl/ambicm-air  mixing  regions  arc  the  dominant  sources  of  |et  noise.  There- 
fore. th(>  priallction  mcihods  based  on  conventional  cotmnular  let  data,  where  the  core- 
now/km-llow  and  nu  rucd-ict/ambicnt-alr  mixing  regions  are  dominant,  do  not  apply. 

•lo  fill  this  gap  in  id  noise  technology,  howls  has  been  sponsoring  experimental  studies 
over  the  last  \cars  with  Pratt  Wliltne,  Aircraft  and  C.eneral  hleetrlc  to  determine 
the  noise-  cliai-:icici  Istics  of  inverted- veloclty-pi*of lie  coannular  nozzles. 

•Ihc  basic  mo(kls  tested  in  these  contractor  studies  are  shown  In  figure  «.  A co- 
mmular  no/./le  without  plug  mid  with  mi  area  ratio  of  0.75  and  a fan-stream  radius  ratio 
of  u 7(1  is  shown  in  figure  (luO . (This  radius  ratio  is  defined  as  the  ratio  of  the  fan- 
stretim  inner  radius  to  the  fmi-stream  outer  radius.)  The  model  shown  in  figure  G(b)  is 
a coannular  nozzle  with  a ci-ntral  plug  and  with  an  area  ratio  of  0.67  ;md  a fan  stream 
radius  i-atio  of  n.  ‘ju.  I hcse  test  models  had  equivalent  total  diameters  of  15  and  15  cen- 

limolers,  ivspoclivelv ♦ 

1 vpic-il  results,  - Ucsults  fixim  the  experimental  programs  are  plotted  in  figure  7 
■H  peak  pc-rci.ivc.l  noise  level  morniallzed  for  jet  density  effects)^  as  a function  of  fan 
id  velocity  for  cases  where  the  fan  jet  velocity  was  at  least  1.5  times  the  core  jet  vel- 
ocity. Ihe  id  noise  levels  for  the  cotmnular  nozzles  are  6 to  10  perceived  noise  deci- 
bcldl>Ndl'.)  lower  than  if  no  favorable  Into radlon  occurred  between  the  two  sets  (lioth 
i,.i.  vxh.austlag  il,nn.gli  sept.rtile  eonletil  nozzles).  Bthveon  the  two  coannular  nozzles, 
llte  eontlgu ration  with  the  central  plug,  which  had  a higher  fan-stream  radius  ratio 
.showed  a 2-l’.Ndn-greater  noise  reduction.  The  thimst  losses  .are  about  1.5  to  2.0  per- 
cent (referred  lo  mi  idetd  nozzlci. 

In  addition  lo  the  base-  co.mmular  configurations  .showTi.  configurations  with  mech.an- 
ictil  suppressors  were  rlso  l.  sicd  liy  adding  chutes,  convolutions,  or  tubes  to  the  tan 
siream.  and.  in  some  cases,  including  ejectors.  These  suppressed  configurations 

It,h-  e.xpoimnt  at  Ihe  fan  id  density  is  Imsed  on  conical  nozzle  results,  and  for  the 
nmgc  of  vcloi-ity  .shown  here  \ a tics  from  1 . at  57.'t  m/scc  to  2.0  at  velocities  above 

f)  U)  m sri’. 
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reduced  the  noi8o  an  additional  3 to  7 PNdB,  but  at  the  expense  of  relatively  large  thrust 
losses  (as  much  as  8 percent  greater  than  with  the  unsuppressed  coannular  nozzles). 

Mission  analyses  (e.g. . ref.  7)  have  shown  that  the  noise  reductions  observed  for 
the  unsuppressed  configurations  relaUve  to  early  predictions,  which  did  not  account  for 
Jet  interaction  effects,  coupled  with  the  low  thrust  losses  involved  (~1.5  to  2 percoiO 
are  sufficient  to  meet  present  FAH-36  noise  standards.  As  a consequence,  the  tech- 
nology studies  have  been  concentrated  on  ims oppressed  inverted- velocity-profile  co- 
annular nozzles  in  preference  to  suppressed  configurations  and  extended  to  study  the  ef- 
fects on  noise  and  thrust  characteristics  of  geometric  variables  such  as  radius  ratio 
and  area  ratio. 

Parametric  trends.  - 'flie  effects  of  velocity  ratio  on  the  noise  reduction  for  two 
diffei'ent- area- ratio  coannular  plug  nozzles  with  constant  fan  radius  ratio  are  shown  in 
figure  8.  'fhe  noise  level  relative  to  the  synthesized  level  predicted  for  noninteracting 
jets  is  plotted  as  a function  of  core-to-fan  velocity  ratio  for  constant  fan  operating  con- 
ditions. (The  core  velocity  was  changed  by  varying  both  temperature  and  pressure.) 

It  can  be  seen  that,  over  this  range,  the  fan-to-core  area  ratio  has  very  little  effect  on 
the  noise.  Maximum  noise  reduction  occurs  between  core-to-fan  velocity  ratios  of  0.3 
and  0. 5.  As  the  core  flow  is  reduced  to  very  low  values,  less  noise  reduction  is  ob- 
tained, which  could  be  attributed  to  the  lack  of  sufficient  inner  flow  to  promote  rapid 
velocity  decay  in  the  energetic  fan  stream,  ^\Tien  the  core  flow  is  increased  above  a 
velocity  ratio  of  0. 5,  less  noise  reduction  is  again  obtained.  In  this  case  because  the 
core  stream  affects  the  Jet  noise  generated  in  the  merged- jet/amblent- air  mixing 
region. 

The  effects  of  i-adius  ratio  on  aeioacoustic  performance  for  two  velocity  ratios  are 
shown  in  figure  9.  The  noise  reduction  is  shown  in  figure  9(a)  as  a function  of  fan- 
stream  radius  ratio.  As  the  radius  ratio  is  tncx’eased,  the  noise  reduction  is  also  in- 
creased, Indicating  the  desirability,  fxx>m  an  acoustic  point  of  view,  of  designing  engine 
nozzles  with  a high  fan  radius  ratio.  The  noise  reduction  obtained  with  a core-to-fan 

velocity  ratio  of  0, 5 was  lai'ger  than  for  the  no-core-flow  case,  as  was  px’evloucly  dis- 
cussed. 

The  effect  of  velocity  ratio  and  fan  radius  ratio  on  the  thrust  characteristics  both 
statically  and  when  exposed  to  lai  cxtexixal  flow  Mach  number  of  0.36  (takeoff  conditions) 
is  shown  in  figure  9(b).  It  is  obvious  that  the  thx'ust  losses  obtained  with  no  core  flow 
ax’e  quite  severe  (up  to  10  percent  x'clativc  to  a convergent  nozzle).  For  a velocity  ratio 
of  0. 6,  losses  are  much  lower  (between  1 and  2 percent  additional  losses  x’elative  to  a 
convergent  nozzle).  An  Increase  in  the  I'adius  x’atio  causes  an  increase  In  thnist  losses, 
indicating  the  need,  from  a designer’s  point  of  view,  to  trade  off  the  thx-ust  losses  with 
the  r mount  of  noise  reduction  in  oirler  to  select  the  optimum  nozzle  radius  ratio  for  an 
engine  exhaust  systcixx. 
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simulated  flight  effects.  - The  acoustic  Information  prcsmited  In  the  preceding  sec- 
tions on  the  Inverted- velocity-profile  coannular  nozzles  has  been  static  data.  However, 
a most  Important  consideration  Is  whether  these  noise  roductlons  relative  to  a conver- 
gent nozzle  are  maintained  under  flight  conditions.  Consequentty,  the  acoustic  program 
has  also  Included  experimental  investigations  of  these  models  under  simulated  flight 
conditions  in  an  acoustic  wind  tunnel.  Typical  results  obtained  with  a coannular  nozzle 
without  a plug  with  subsonic  velocities  in  both  streams  (fan-to-core  velociiy  ratio,  ~1. 5) 
are  shown  in  figure  10.  The  data  are  pi’esented  In  terms  of  overall  sound  pressure 
level(OASPL)  as  a function  of  the  radiation  angle  from  the  nozzle  Inlet.  The  wind  tunnel 
results  have  be<m  corrected  for  the  shear  layer  and  sound  convection  effects  of  the  tun- 
nel stream  and  converted  to  a flight  frame  of  reference  by  the  methods  of  reference  8. 
The  highest  curve  represents  the  static  conditions,  and  the  lower  two  curves  show  dt- 
rectivltles  at  free-stream  Mach  numbers  of  0. 18  and  0. 30,  respectively.  Reductions  in 
jet  noise  were  obtained  throughout  the  measured  arc,  from  60°  to  150°  from  the  Inlet 
axis.  Peak  noise  reduction  varied  from  5 to  7 dB  below  the  static  case.  The  most  sig- 
nificant result  was  that  the  noise  reduction  due  to  forward  velocity  was  ttie  same  as  for 
a convergent  nozzle,  indicating  that  the  noise  reduction  benefit  evident  under  static  con- 
ditions is  maintained  In  flight. 

Similar  results  are  shown  In  figure  11  for  a case  where  the  fan  stream  was  super- 
sonic (pressure  ratio,  2.5).  The  subsonic  core  conditions  are  the  same  as  for  fig- 
ure 10,  producing  a 1. 9 fan-to-core  velocity  ratio  here.  The  results  are  very  similar 
excqpt  that  the  peak  reductions  are  somewhat  smaller  in  magnitude  (by  about  l.\  dB)  and 
that  in  the  forward  quadrant  there  is  an  actual  increase  in  noise  level.  These  changes 
from  the  subsonic  case  are  caused  by  shock- gene  rated  noise.  However,  this  forward- 
quadrant  effect  does  not  change  the  I'eductlon  In  flight  relative  to  a convergent  nozzle, 
as  the  convergent  nozzle  is  similarly  affected. 

DETERMINATION  OF  JET  NOISE  IN  FLIGHT 

The  presentation  of  the  preceding  simulated  flight  directivity  data  for  the  coannular 
nozzles  introduces  another  area  of  study  where  analytical  and  experimental  efforts  have 
been  concentrated:  the  effects  of  flight  on  jet  noise  and  the  correlation  of  jet  engine  ex- 
haust noise  flight  data  witli  simulated  flight  model  test  Information.  It  is  imperative  to 
be  able  to  predict  flight  jet  noise  characteristics  fi'om  analytical  models  and/ or  scale- 
model  data  because  actual  flight  testing  for  research  and  development  purposes  is  pix)- 
hlbitlve  In  cost.  Flight  noise  data  from  jet  engines  do  not  appear  to  agree  with  predic- 
tions based  on  classical  jet  noise  theories,  such  as  discussed  In  reference  9.  How- 
ever, these  differences  seem  to  be  reconciled  if  the  flight  effects  are  applied  to  the  jot 
mixing  noise  and  to  the  internal  noise  of  the  engines  as  well,  as  suggested  In  refer- 
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ence  10.  These  effects  of  flight  on  jet  engine  exhaust  noise  directivity  are  Illustrated 
in  figure  12.  In  figure  12(a),  flight  effects  on  the  jet  mixing  noise  are  presented  for  a 
tjpical  turbojet  engine.  'Fhe  solid  curve  represents  the  jet  noise  produced  statically  In 
terms  of  noise  level  as  a function  of  radiation  angle.  The  difference  between  the  solid 
and  the  dashed  lines  represents  the  reduction  In  jet  noise  due  to  the  source  strength  re- 
duction introduced  by  the  reduction  of  the  relative  velocity  betw’een  the  jet  and  the  sur- 
rounding medium  during  flight.  This  effect  is  constant  at  all  angles.  The  dash-dot 
curve  represents  the  predicted  flight  noise  directivity,  Incorporating  the  dynamic  effect 
on  noise  as  well.  This  dynamic  effect  tends  to  decrease  the  noise  in  the  aft  quadrant 
and  Increase  it  in  the  forward  quadrant. 

The  fli^t  effects  on  internal  noise  sources  are  shown  in  figure  12(b).  Because 
these  sources  are  not  subjected  to  the  relative  flow  field,  there  is  no  source  strength 
reduction,  but  only  motion  or  dynamic  effects.  These  sources  have  no  relative  motion 
with  respect  to  the  nozzle;  therefore,  the  velocity  change  has  a greater  effect  when  ap- 
plied to  the  internally  generated  noise,  resulting  in  larger  increases  of  noise  in  the  for- 
ward quadrant  than  that  shown  in  figure  12(a)  for  jet  noise.  As  with  jet  noise,  a reduc- 
tion In  noise  occurs  in  the  aft  quadrant. 

The  application  of  the  preceding  principles  to  the  prediction  of  jet  engine  exhaust 
noise  directivity  for  a hypothetical  turbojet  engine  are  shown  in  figure  13.  Tbe  static 
case  is  illustrated  in  figure  13(a).  The  shock-free  jet  noise,  shown  by  the  dashed 
curve,  is  greater  than  the  internally  generated  noise  (dash-dot  curve) . The  total  ex- 
haust noise  (solid  curve)  is  the  antilogarithmic  sum  of  the  jet  noise  and  internal  noise 
levels  and  is  dominated  by  the  jet  mixing  noise  for  all  angles.  When  the  flight  effects 
are  included,  as  shown  in  figure  13(b),  the  reduction  of  jet  noise  at  all  angles  ;*  or>un- 
teracted  by  the  increased  contribution  of  the  internal  noise  in  the  forward  quadrant. 

The  total  exbaust  noise  is  now  dominated  by  internal  noise  in  the  forward  quadrant;  jet 
noise  continues  to  dominate  in  the  aft  quadrant.  Total  noise  statically  and  in  fli^t  is 
compared  in  figure  13(c).  P’or  this  case  the  flight  effect  has  increased  the  jet  exhaust 
total  noise  in  the  forward  quadrant  and  reduced  it  in  the  rear  quadrant. 

Application  of  this  method  of  flight  analysts  of  jet  mixing  and  internal  noise  to  the 
exhaust  noise  of  two  actual  engines'  is  shown  In  flgui'e  14.  The  engines  selected  had  dis- 
similar levels  of  internal  noise,  and  In  the  figure  the  actual  flight  data  arc  compared 
with  calculated  values.  The  results  for  a ”high'’-intetnal-noise  engine,  the  Viper  610 
in  an  HS-125  airplane  are  shown  In  figure  14(a).  Both  the  calculated  OASPL  values 
(shown  by  the  curves)  and  the  data  (shown  by  the  symbols  (ref.  11))  show  the  increase 
of  noise  level  in  fli^t  in  the  forward  quae  art  discussed  previously  (figs.  12  and  13) . 
Also  shown,  both  calculated  and  measured,  are  the  noise  reductions  in  the  aft  quadrant. 
The  results  from  a similar  evaluation  for  a ’*low'’-intemal-nolse  engine,  the  NASA 
Lewis-sponsored  refanned  JT8D  engine  on  a DC-9  airplane,  are  shown  in  figure  14(b). 
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In  this  case,  both  data  and  calculations  Indicate  a reduction  of  exhaust  noise  in  fli^t 
throu^out  all  angles.  A very  significant  conclusion  to  be  drawn  from  these  results  is 
that  engine  eidiaust  noise  in  flight  can  be  predicted  if  the  internal  noise  of  the  engines 
is  pr<^rly  accounted  for. 


CONCLUDING  REMARKS 

This  paper  has  very  briefly  described  slgnitx  'it  developments  in  two  areas  of  jet 
noise  technology  that  have  great  impact:  jet  noise  reduction  and  the  prediction  of  flight 
effects.  Coannular  nozzles  including  those  with  inverted  velocity  profiles,  have  been 
shown  to  offer  s^nfflcant  noise  reductions  with  little  thrust  loss.  These  results  are 
particularly  applicable  to  siq>ersonic  cruise  aircraft.  It  was  also  shown  that  flight 
effects  on  Jet  engine  exhaust  noise  can  be  predicted  if  the  internal  eii^e  noise  is 
properly  accounted  for. 
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APPENDIX  - SYMBOLS 


^CORE 

^FAN 


L 

Mq 

OASPL 

OASPL^nQANN 

OASPL(jqjj£+j.^N 


PNL, 


pk 


R 


1 


Ro 

'^CORE 

'^’fan 

^CORE 

''^FAN 


PFAN 

^Isa 

CO 


2 

core  jet  area,  m 
2 

fan  jet  area,  m 

2 

jet  (single  stream)  area,  m 
thrust  coefficient,  dimensionless 
ambient  sonic^  velocity,  m/  sec 
sideline  distance,  m 

free-st  earn  Mach  number,  dimensionless 

2 

overall  sound  pressure  level,  dB  re  20  fcN/m 

2 

OASPL  for  coannular  nozzle,  dB  re  20  )cN/m 

OASPL  for  sjmtheslzed  coannular  nozzle  (antllogarlttimic  sum  of 
* f core  jet  and  fan  jet  OASPL’s).  dB  re  20  ixWm 

peak  perceived  noise  level.  PNdB 
iimer  radius  of  fan  stream,  m 
outer  radius  of  fan  stream,  m 
core  jet  total  temperature.  K 
fan  jet  total  temperature,  K 

core  jet  velocity,  m/sec 

fan  jet  velocity,  m/sec 

jet  (single  atream)  velocity,  m/sec 

angle  from  nozzle  inlet  axis,  deg 

fan  jet  density,  kg/m'^ 

, 3 

ambient  density  at  standard  conditions,  kg/m* 
density  correction  exponent 
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Figure  3.-  Conventional  coannular  nozzles  typical  of  high- 

bypass-  ratio  turbofans  applicable  to  CTOL  and  STOL  aircraft 
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Figure  4.-  Coannular  noise  reduction  for 
conventional  coannular  nozzles. 


Figure  5*-  Inverted-velocity-profile  coannular 
nozzles  typical  of  low-bypass-ratio  turbofans 
applicable  to  supersonic  cruise  aircraft. 


(a)  Without  plug. 


(b)  With  plin; . 


Figure  6.-  Typical  test  models  of  invert  cd  vi' t.>.  i t ■ (u  ■>(  i 1» 

coannular  no.-tiiles. 
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Figure  8*~  Effect  ot  vcloLjty  ratio  on  noise  reduction 
of  lnverted‘-veioc i t V- prol  i 1 o cnnnmtlar  nozzles* 
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Figure  9.-  Effect  of  radius  ratio  on  aeroacoustic  performance  of 
inverted-velocity-profile  coannular  nozzles. 


ANGLE  FROM  NOZZLE  INLET  AXIS,  deg 

Figure  10.-  Static  and  simulated  flight  directivities  for 
Inverted-velocity-profile  coannular  nozzles  with  sub- 
sonic fan  stream  (fan  pressure  ratio,  1.8). 
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Figure  II.-  Static  and  simulated  flight 
directivities  for  Inverted-velocity- 
profile  coannular  nozzles  with  super- 
sonic fan  stream  (fan  pressure  ratio, 
2.5). 


ANGLE  FROM  ENGINE  INl£TAXIS.  6,  deg 

(b)  Internally  generated  noise. 

Figure  12.-  Typical  effects  of  flight  on  Jet  engine 
exhaust  noise. 
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(c)  Flight  effect  on  total  noise. 


Figure  13.-  Synthesis  of  jet  engine  exhaust  noise  directivity 
for  hypothetical  jet  engine  with  ratio  of  jet  velocity  to 
ambient  sonic  velocity  Vj/c^  of  1.80. 
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(Viper  610  engine  in  (refanned  JT8D  engine 
HS-125  airplane).  on  DC-9  airplane). 


Figure  lA.-  Comparison  of  calculated  and  measured  static 
and  flight  directivities  lor  engines  with  different 
levels  of  internal  noise  relative  to  jet  noise. 
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EFFECTS  OF  AIRCRAFT  NOISE  ON  FLIGHT  AND  GROUND  STRUCTURES 

John  S.  Mlxson,  William  H.  Mayes,  and  Conrad  M.  Willis 
NASA  Langley  Research  Center 


SUMMARY 

Structural  vibrations  caused  by  aircraft  noise  can  lead  to  damage  of 
the  structure  or  to  transmission  of  noise  and  vibration  that  reduces  the 
comfort  of  occupants.  This  paper  discusses  three  examples  Involving  struc** 
tural  response  to  aircraft  'noise.  Acoustic  loads  measured  on  jet-powered 
STOL  configurations  are  presented  for  externally  blown  and  upper  surface 
blown  flap  models  ranging  In  size  from  a small  laboratory  model  up  to  a 
full-scale  aircraft  model.  The  Implications  of  the  measured  loads  for 
potential  acoustic  fatigue  and  cabin  noise  are  discussed.  Noise  transmis- 
sion characteristics  of  light  aircraft  structures  are  presented.  The 
relative  importance  of  noise  transmission  paths,  such  as  fuselage  sidewall 
and  primary  structure,  is  estimated.  Acceleration  responses  of  a historic 
building  and  a residential  home  are  presented  for  flyover  noise  from  sub- 
sonic and  supersonic  aircraft.  Possible  effects  on  occupant  comfort  are 
assessed.  The  results  from  these  three  examples  show  that  aircraft  noise 
can  induce  structural  responses  that  are  large  enough  to  require  consider- 
ation In  the  design  or  operation  of  the  aircraft. 


INTRODUCTION 

Noise  generated  by  aircraft  propagates  Into  the  aircraft  Itself  and 
through  the  atmosphere  to  structures  on  the  ground.  In  the  aircraft,  the 
noise  can  generate  vibratory  stresses  that  lead  to  acoustic  fatigue,  or 
can  propagate  through  fuselage  walls  and  cause  uncomfortably  high  cabin 
noise  levels.  On  the  ground,  aircraft  noise  can  cause  building  vibrations 
that  may  lead  to  damage  or  to  Increased  discomfort  of  the  occupants. 
Penalties  associated  with  noise  effects  on  aircraft  structures  can  take  the 
form  of  excess  weight  required  to  prevent  fatigue  and  to  lower  noise  levels, 
of  maintenance  required  to  repair  fatigue  failures,  or  of  passenger  com- 
plaints of  excessive  noise.  Penalties  associated  with  noise  effects  on 
ground  structures  can  range  from  unfavorable  publicity  to  community  actions 
(such  as  curfews)  that  restrict  the  use  of  airports.  To  minimize  such 
penalties.  It  Is  Important  to  assess  possible  noise  effects  early  In  the 
development  of  new  aircraft  types,  especially  those  with  Increased  perfor- 
mance, so  that  noise-reduction  methods  can  be  developed. 

In  this  paper,  examples  of  noise  effects  are  discussed  for  three 
classes  of  aircraft  for  which  Increased  performance  Is  being  sought.  The 
topics  discussed  are:  STOL  aircraft  acoustic  loads,  light  aircraft  noise 

transmission,  and  building  response  to  aircraft  noise.  The  emphasis  of  the 
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discussion  Is  on  the  response  of  the  structure  to  the  noise*  Implications  of 
the  results  for  possible  structural  damage  and  occupant  annoyance  due  to 
noise  are  discussed* 


SYMBOLS 

Measurements  were  made  in  U*S*  Customary  Units,  and  are  presented  In  both 
the  International  System  of  Units  (SI)  and  U*S*  Customary  Units* 


d 

diameter  of  nozzle  exit 

f 

frequency,  Hz 

g 

accele^-atlon  of  gravity 

^rms 

root  mean  square  of  the  fluctuating  component  of  pressure 

^0 

dynamic  pressure  of  the  engine  exhaust 

flow  at  the  nozzle  exit 

^0 

velocity  of  the  engine  exhaust  flow  at 

the  nozzle  exit 

Abbreviations: 

AMST 

advanced  medium  STOL  transport 

EBF 

externally  blown  flap 

FPL 

fluctuating  pressure  level 

OAFPL 

overall  fluctuating  pressure  level 

rms 

root  mean  square 

SPL 

sound  pressure  level 

STOL 

short  (runway)  take-off  and  landing 

USB 

upper  surface  blown 

Reference  level  for  FPL,  OAFPL,  and  SPL  Is  20  yPa* 


STOL  AIRCRAFT  ACOUSTIC  LOADS 
Configurations  and  Sources 

In  order  to  obtain  STOL  performance  of  Jet  aircraft  using  the  powered-llft 
concept,  a particular  arrangement  of  the  aircraft  components  has  been  developed* 
Some  features  are  Illustrated  In  figure  1*  Powered  lift  Is  obtained  by 
deflecting  the  engine  exhaust  flow  downward  using  wing  and  flaps*  To  obtain 
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such  interaction,  the  engine  must  be  located  forward  of  the  wing,  either  under 
the  wing  (externally  blown)  or  over  the  wing  (upper  surface  blown).  In  both 
cases,  the  direct  impingement  of  the  high  velocity,  turbulent,  exhaust  flow 
subjects  the  wing  and  flaps  to  intense  fluctuating  loads  (in  the  presence  of 
high  static  loads  and  temperatures)  that  may  cause  excessive  acoustic  fatigue. 

To  minimize  rotational  moments  when  operating  with  an  engine  out,  the  STOL  air- 
craft’s engines  are  located  nearer  to  the  fuselage  than  are  conventional  air- 
craft engines.  The  location  of  the  engines  in  a forward  and  Inboard  position 
exposes  larger  areas  of  the  fuselage  to  more  intense  acoustic  pressures  than 
conventional  locations.  These  high  external  acoustic  pressures  may  cause 
excessive  interior  noise  levels.  In  addition,  the  exterior  noise  of  STOL 
aircraft  when  operating  in  the  powered-lift  mode  (take-off  and  landing)  is 
expected  to  be  of  extended  duration  as  well  as  at  high  levels.  These  long  dura- 
tions at  high  levels  increase  the  likelihood  of  unfavorable  noise  effects  on 
the  aircraft. 

The  two  powered-lift  systems  currently  under  development  (externally  blown 
flap  and  upper  surface  blo:m  flap)  are  fundamentally  different  from  each  other 
so  that  acoustic  loads  information  on  one  system  may  not  necessarily  apply  to 
the  other.  Therefore,  parallel  programs  are  underway  on  both  EBF  and  USB  sys- 
tems to  develop  acoustic  loads  information  through  measurements  on  small-scale 
models,  large-scale  models,  and  full-scale  aircraft  in  flight.  The  objectives 
of  these  programs  are  to  develop  methods  for  predicting  acoustic  loads  on  air- 
craft in  flight  (using  model  tests  and  scaling  laws)  and  to  provide  acoustic 
loads  data  on  actual  aircraft  for  use  in  ongoing  developments.  Some  results 
from  these  research  programs  are  presented  in  the  following  diicussion. 


USB  Flap  Studies 

Acoustic  loads  have  been  measured  on  USB  configurations  including  small 
laboratory  scale  models,  several  8.9-kN  (2000-lb)  thrust  engine  models,  and  a 
full  size  220-kN  (50  000-lb)  thrust  aircraft  engine  configuration.  Preparations 
are  underway  to  mccisure  acoustic  loads  on  the  YC-14  AMST  aircraft.  Comparisons 
are  presented  in  references  1 and  2 between  results  from  small-scale  models, 
using  air  jets  to  simulate  engine  exhaust,  and  from  large-scale  models  having 
actual  jet  engines.  In  figure  2,  results  are  shown  from  tests  of  a full-scale 
YC-14  ground  test  rig  and  a 1/4-scale  model  of  that  ground  test.  The  full-scale 
YC-14  rig  includes  a CF6  engine  and  many  systems  that  are  to  be  flown  on  the 
aircraft;  the  test  included  checkout  of  several  flight  systems,  including  the 
flow-turning  aerodynamic  performance  of  the  flap  system  and  the  fluctuating 
pressure  measurement  system.  The  scale  model  uses  a 8.9-kN  (2000-lb)  thrust 
engine  and  was  designed  to  geometrically  scale  the  important  features  of  the 
full-scale  setup.  The  tests  included  aerodynamic  measurements  of  flow  turning 
and  thrust,  so  the  acoustic  loads  results  shown  were  measured  on  models  that 
were  operating  in  a flight-type  powered-lift  condition.  In  figure  2,  overall 
fluctuating  pressure  levels  at  three  positions  on  the  flap  and  fuselage  are 
shown  as  a function  of  the  average  velocity  of  the  exhaust  jet  at  the  nozzle 
exit.  Full-scale  data  are  taken  from  reference  2.  Figure  2 shows  that  the 
levels  of  the  acoustic  loads  are  135  to  160  dB  on  the  fuselage  (gages  7 and  20) 
and  up  to  165  dB  on  the  wing  (gage  34).  These  levels  are  high  enough  that 
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substantial  effort  will  be  requi.r<»d  to  provide  satisfactory  acoustic  fatigue 
life  and  Interior  noise  environtnont  rt.  Ful  l - scale  results  are  about  3 dB  higher 
than  model  results.  The  overall  apre<anent  between  model  and  full-scale  results 
shown  in  figure  2 Is  sufficiently  good  to  give  confidence  that  model  results 
can  be  used  to  predict  full-scale  characteristics*  Additional  analyses  of  the 
results  obtained  on  the  1/4-scalo  model  tc^3ts  are  underway  for  comparison  with 
the  full-scale  model  results#  Current  plans  Include  measurements  of  acoustic 
loads  on  the  wing,  flaps,  and  fuselage  of  the  YC-14  AMST  aircraft  to  determine 
actual  flight  levels  and  effects  due  to  forward  speed,  and  to  obtain  results 
for  comparison  with  values  predicted  from  ground  tests# 


ERF  Studies 

Acoustic  loading  Information  has  been  measured  on  the  three  EBF  configura- 
tions shown  in  figure  3 (ref#  3)#  Data  from  the  small-scale  model  and  the 
TP34  model  (using  an  36-kN  (8000-lb)  thrust  engine)  are  intended  to  be  used 
with  scaling  laws  to  provide  predictions  of  acoustic  loads  for  full-scale  flight 
situations#  Measurements  on  the  YC-15  AMST  aircraft  are  intended  to  aid  the 
development  of  the  scaling  law  prediction  technique,  and  to  provide  acoustic 
loads  data  in  an  aircraft  flight  situation  for  an  EBF  STOL  configuration#  Data 
from  the  small-scale  model  are  compared  with  results  from  the  TF34  model  in 
figure  4# 


In  figure  4,  values  of  the  dimensionless  fluctuating  pressure  level  (FPL) 
are  presented  as  a function  of  Struuhal  number#  Data  for  two  flap  settings  are 
shown  at  two  positions  on  the  flaps#  The  data  for  the  TF34  model  Include 
engine  exhaust  velocities  ranging  ft urn  a Itach  number  of  0#33  to  0.59#  The  fact 
that  these  data  all  fall  within  the  narrow  dotted  region  indicates  that  FPL 
and  Strouhal  number  are  appropriate  dimensionless  quantities  to  account  for  the 
effects  of  velocity  on  FPL  and  fteqtiency#  The  figure  shows  that  for  three  of 
the  four  conditions  there  is  good  agreement  between  the  results  from  the  small- 
scale  model  (nozzle  diameter  of  5.08  cm  (2  in#))  and  from  the  TF34  engine  (nozzle 
diameter  of  96#52  cm  (38  in.))#  This  agreement  suggests  that  acoustic  loads  can 
be  scaled,  at  least  over  the  range  of  variables  represented  by  these  two  tests# 

An  indication  of  the  magnitude  of  the  acoustic  loads  on  the  EBF  configura- 
tion is  given  in  figure  5#  Iti  this  1 iguro,  overall  fluctuating  pressure  levels 
(OAFPL)  are  shown  for  seven  transdtj('er two  flaj)  positions  representing  expected 
flight  positions,  and  five  engine  exliaur>t  V(*locities  covering  the  range  from 
low  to  full  engine  power#  Examination  the  table  (note  the  four  circled 
values)  shows  that  the  pressure  levels  ranj;e  from  143  dB  to  163  dB#  Previous 
experience  with  acoustic  fatigue  i.d’  structures  suggests  that  when  levels  are  in 
the  140-dB  range,  some  acoustic  fatir.un  r»av  )u*  expected,  and  when  the  levels 
rise  to  the  160-dB  range,  suhftl  antla)  (ti  c*blenir,  may  be  anticipated# 

Estimates  ot  the  Interior  noiru'  levels  that  migdit  be  expected  on  passenger- 
carrying  versions  of  botli  the  fdii*  and  the  a i ret  alt  have  been  made  using 
data  such  as  arc  shown  in  ffe.tiT(*s  and  '»  and  cnrimit  r-ildcwall  noise  reduction 
technology#  These  estlmatcss  tnran  st  tluit  !H’W  «levelopment s either  in  reduction 
of  exterior  noise  levels  or  In  i mpt  event* 'ut  tii?H»lag,e  sidewall  noise  reduction 

are  needed  to  provide  a sat  i j;f  act  or  * ah  in  iM*lf,e  environment# 
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MCIIT  A1KCIUF7’  NOISE  TRANSMISSION 
Description 

Flight  measurem<*nts  of  interior  noise  in  light  aircraft  (refs*  4 and  5) 
have  shown  that  tlie  !i.*v(*1s  are  higli  enough  that  noise  reduction  efforts  are 
needed  to  provide  a noise  environment  that  is  comfortable  and  similar  to  the 
environment  that  passengers  have  come  to  expect  from  their  experiences  in 
modern  jet  aircraft*  In  order  to  carry  out  noise  reduction,  it  is  necessary  to 
know  the  sources  of  the  noise  and  the  transmission  properties  of  current  air- 
craft structures*  Studies  on  light  aircraft  (refs*  6 and  7)  have  suggested  that 
propellers  and  engines  are  Important  noise  sources,  and  that  possible  noise 
transmission  paths  incltide  tlie  exterior  air  and  fuselage  sidewall  (referred  to 
herein  as  the  ’’airborne*’  path)  and  the  primary  structure  (referred  to  herein 
as  the  ’’structurebornc”  path)  through  whicn  interior  noise  is  transmitted  in  the 
form  of  structural  vibration  that  may  originate,  for  example,  in  the  engine. 

In  order  to  study  the  characteristics  of  these  two  noise  transmission  paths,  a 
light  aircraft  fuselage  was  set  up  and  tested  in  the  reverberation  chamber  of 
the  Langley  aircraft  noise  reduction  laboratory,  as  shown  in  figure  6*  A sound 
field  was  generated  by  speakers,  and  the  chamber  characteristics  provided  a 
reverberant  uniform  noise  field  over  the  complete  exterior  of  the  fuselage* 

Three  microphones  in  the  chamber  (shown  in  fig*  6)  were  used  to  measure  the 
noise  field  exterior  to  the  fuselage*  Readings  from  these  three  microphones 
during  testing  were  nearly  the  same,  indicating  that  the  exterior  noise  field 
was  uniform.  Noise  was  measured  inside  the  fuselage  by  the  two  microphones 
shown  in  figure  6 for  the  reverberant  noise  field  to  determine  airborne  noise* 
Noise  transmitted  through  the  structureborne  path  was  determined  by  attaching 
a mechanical  shaker  to  the  engine  support  structure  at  the  front  of  the  aircraft 
and  taking  measurements  with  the  two  microphones  inside  the  fuselage  with  no 
exterior  noise  field.  A bx^uadband  spectrum,  having  nearly  constant  level  over 
the  frequency  range  from  about  100  llz  to  1000  Hz  for  the  mechanical  input  and 
from  about  100  to  4000  Hz  for  the  acoustic  input,  was  used* 


Airborne  and  Structureborne  Transmission 

Some  results  from  these*  tests  are  shown  in  figure  7,  where  interior  noise 
levels  measui'ed  with  noise  alone  and  with  vibration  input  alone  are 

shown*  The  data  shown  in  iigure  7 indicate  that  the  interior  noise  level  SPL 
varies  with  either  ext€‘rlor  noise  level  or  mechanical  input  in  a linear  trend 
with  45^  slope.  Rased  on  the  logarithmic  scales  used  in  these  figures,  this 
result  indicates  that  the  interior  noise  level  is  a linear  function  of  either 
exterior  noise  or  mechanical  vibration  input.  This  result  was  anticipated  and 
indicates  that  analytical  programs  for  prediction  and  control  of  interior  noise 
can  be  based  on  tractable  lincai  relations*  The  graph  of  Interior  noise  as  a 
function  of  exteriot  noise  Indicates  that  the  interior  levels  are  about  21  dB 
lower  than  the  extei toi  levels,  indicating  that  the  fuselage  is  providing  a 
significant  overall  tioij.e  reduction  (averaged  over  frequency  and  the  various 
transmitting  stiucluit:;  r;uch  \7indows  and  sidewall  panels).  Further  reduction 
of  the  fuselage  f^idewall  noise  is  desirable  and  might  be  accomplished  by  means 
of  analytical  methods  to  opt Imize  the  distribution  of  mass,  stiffness,  and 
damping  while  retaining,  minimum  x;elght. 
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Figure  7 also  showa  that  vibration  inputs  are  an  efficient  mechanism  of 
interior  noise  generation.  For  example,  8,9  N (2  lb)  of  vibration  force  input 
results  in  an  Interior  noise  level  of  about  82  dB.  The  exterior  noise  level 
required  to  Induce  82  dB  of  interior  noise  is  about  103  dB.  This  result  suggests 
that  interior  noise  resulting  from  vibrations  transmitted  through  structural 
paths  (from  vibration  sources  in  the  engine,  for  example)  can  be  significant. 
Control  of  such  structureborne  noise  might  be  accomplished  by  ise  of  vibration 
isolation  devices  such  as  shock  mounts  or  integral  damping  treatments  in  the 
engine  support  structure. 

RESPONSE  OF  BUILDINGS  TO  AIRCRAFT  NOISE 
Study  Plan 

The  airport  community  noise  problem  has  been  a major  concern  of  airport 
planners  and  the  aircraft  manufacturers  and  operators  for  many  years.  This 
concern  was  highlighted  with  the  proposed  introduction  of  the  Concorde  super- 
sonic transport  service  into  this  country.  A major  public  concern  was  expressed 
in  the  environmental  impact  statement  (ref.  8)  about  the  expected  Concorde  noise- 
induced  vibratory  response  of  historic  buildings  and  homes  near  the  airport  in 
terms  of  structural  damage  and  annoyance.  As  a result  of  this  concern,  measure- 
ments of  noise-induced  building  vibrations  have  been  conducted  by  Langley 
Research  Center  near  the  Dulles  International  Airport  as  part  of  the  total 
Department  of  Transportation  program  of  assessment  of  Concorde. 

The  approach  to  the  assessment  of  Concorde  noise-induced  building  vibrations 
involves  the  following  steps:  (1)  measurement  of  vibratory  response  of  windows, 

floors,  and  walls  of  selected  buildings,  including  historical  ones}  (2)  develop- 
ment of  functional  relationships  ("signatures")  between  the  vibration  response 
of  building  elements  and  the  range  of  outdoor  and/or  indoor  noise  levels  associ- 
ated with  events  of  interest;  (3)  comparison  of  the  Concorde-induced  response 
with  the  response  associated  with  other  aircraft  as  well  as  with  common  domestic 
events  and/or  criteria.  It  should  be  noted  that  criteria  are  not  well  estab- 
lished particularly  with  respect  to  building  damage. 


Test  Site  Description 

Figure  8 is  a map  of  the  Dulles  International  Airport  and  surrounding 
community  areas.  Also  shown  on  the  map  are  the  nominal  departure  flight  paths 
of  Concorde  and  the  locations  of  the  test  sites  where  structural  response  was 
measured.  The  test  sites  include  one  historic  building  (Sully  Plantation)  which 
is  located  on  the  airport  boundary  about  2.2  km  (1.4  miles)  from  the  end  of  the 
closest  runway.  Also  monitored  were  three  residential  houses  of  families  who 
had  registered  complaints  concerned  with  building  vlbiatlons  due  to  Concorde 
operations.  These  houses,  located  in  Montgomery  County,  Maryland,  range  from 
about  21  to  32  km  (13.1  to  19.9  miles)  from  the  airport. 
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Window  and  Wall  Response 

Sample  vibratory  response  data  and  associated  outdoor  noise  levels  are 
presented  in  figures  9 and  10.  The  functional  relationship  between  the  measured 
vibration  response  of  a window  and  wall  of  Sully  Plantation  is  shown  in  fig- 
ure 9 for  the  range  of  outdoor  SPL  measured  during  take-off  operations  of 
Concorde  and  subsonic  aircraft  (refs.  9 and  10).  The  data  cluster  about  a 
single  line  and  show  a linear  relationship  between  response  and  noise  level. 

Both  the  Concorde  noise  levels  and  Induced  responses  exceed  the  levels  due  to 
subsonic  aircraft  by  about  10  dB  or  a factor  of  3.  Also,  the  response  of  the 
wall  is  lower  than  the  window  which  would  be  expected  because  of  the  larger 
mass  and  stiffness  of  the  wall.  Of  particular  significance  is  the  fact  that  the 
vibratory  response  is  a function  of  pressure  amplitude  and  virtually  independent 
of  aircraft  type.  Thus,  the  inference  of  references  8 and  11  that  Concorde- 
induced  building  response  will  be  greater  because  of  the  low-frequency  content 
of  the  Concorde  spectrum  is  not  supported  by  the  data  shown  in  figure  9. 

Sample  vibratory  response  data  obtained  in  the  residential  communities  of 
Montgomery  County  (ref.  12)  are  shown  in  figure  10  for  both  Concorde  and  sub- 
sonic take-off  operations  for  test  site  3.  A functional  relationship  between 
the  vibratory  response  and  noise  levels  similar  to  those  obtained  at  the  Sully 
Plantation  is  again  observed.  Both  the  noise  levels  and  vibration  response  due 
to  Concorde  are  higher  than  the  levels  associated  with  subsonic  aircraft  opera- 
tions. However,  the  difference  between  the  maximum  levels  of  noise  and  vibra- 
tion for  Concorde  and  for  the  subsonic  aircraft  is  about  26  dB  or  a factor  of  20. 
The  reason  for  the  greater  difference  between  responses  of  Concorde  and  of 
subsonic  aircraft  at  this  location  as  compared  with  those  measured  closer  to 
the  airport  at  Sully  Plantation  is  believed  to  be  due  to  differences  in  aircraft 
operational  procedures . 

The  linear  response  relationship  observed  in  figures  9 and  10  is  significant 
In  that  it  not  only  gives  the  absolute  response  of  the  aircraft  as  recorded  but 
enables  extrapolation  to  other  runway  cases,  flyover  distances,  or  house  loca- 
tions if  a noise  data  base  is  available.  The  acceleration  levels  induced  by  the 
aircraft  are  shown  to  be  high  enough  to  cause  small  objects  to  rattle,  perhaps 
resulting  in  increased  annoyance. 


CONCLUDING  REMARKS 

This  paper  presents  three  examples  of  situations  where  structural  responses 
are  caused  by  aircraft  noise.  Acoustic  loads  measured  on  externally  blown  and 
upper  surface  blown  flap  STOL  configurations  are  shown  to  be  sufficiently  high 
that  acoustic  fatigue  and  cabin  noise  require  careful  consideration  for  possible 
commercial  applications.  Laboratory  studies  of  the  noise  transmission  into  a 
light  aircraft  fuselage  indicate  that  interior  noise  can  enter  the  fuselage 
through  both  the  fuselage  sidewall  transmission  path  and  the  primary  structure 
(vibration)  transmission  path.  Accelerations  measured  on  the  windows  and  walls 
of  a historic  building  and  a residential  home  indicate  that  noise  from  a super- 
sonic aircraft  causes  acceleration  levels  high  enough  to  be  perceptible  by 
occupants,  and  that  the  noise  and  vibration  levels  due  to  the  supersonic  aircraft 
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are  higher  than  those  due  to  subsonic  aircraft  by  a large  enough  factor  to 
present  a clear  contrast  that  draws  attention  to  the  supersonic  aircraft. 
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AIRFRAME  NOISE 


A DESIGN  AND  OPERATING  PROBLEM 
Jay  C.  Hardin 

NASA  Langley  Research  Center 


SUMMARY 

A critical  assessment  of  the  state  of  the  art  in  airframe  noise  is 
presented  in  this  paper.  Full-scale  data  on  the  intensity,  spectra,  and 
directivity  of  this  noise  source  are  evaluated  in  light  of  the  comprehensive 
theory  developed  by  Ffowcs  Williams  and  Hawkings.  Vibration  of  panels  on 
the  aircraft  are  identified  as  a possible  additional  source  of  airframe 
noise.  The  present  understanding  and  methods  for  prediction  of  other  com- 
ponent sources  - airfoils,  struts,  and  cavities  - are  discussed.  Operating 
problems  associated  with  airframe  noise  as  well  as  potential  design  methods 
for  airframe  noise  reduction  are  identified. 


INTRODUCTION 

The  importance  of  airframe  noise  as  the  "ultimate  noise  barrier"  to  the 
reduction  of  noise  levels  produced  by  future  commercial  aircraft  was  recog- 
nized just  4 years  ago  as  a result  of  NASA  sponsored  research  on  the 
Advanced  Technology  Transport.  (See  ref.  1.)  This  work  included  prelimnary 
calculations,  based  upon  sailplane  data,  which  indicated  that  the  nonpro- 
pulslve  noise  produced  by  a large  subsonic  aircraft  on  landing  approach  lay 
only  approximately  10  EPNdB  below  the  FAR  36  certification  levels  (ref.  2). 
The  significance  ''f  the  surprisingly  high  intensity  of  this  hitherto 
neglected  noise  source  lies  in  its  impact  on  future  noise  regulations. 

Since  it  would  be  counterproductive  to  require  engine  noise  levels  much 
below  those  of  nonpropulsive  sources,  the  potential  for  further  overall 
aircraft  noise  reductions  is  limited  unless  nonpropulsive  noise  generation 
can  be  controlled. 


For  this  purpose,  airframe  noise  research  was  begun,  with  the  goals  of 
understanding  the  generation  and  propagation  of  aircraft  nonpropulsive 
noise  as  well  as  its  reduction  at  the  source.  The  first  such  attempts  were 
empirical  in  nature,  involving  correlations  of  airframe  noise  measurements 
with  gross  aircraft  parameters  such  as  weight,  velocity,  and  aspect  ratio. 
(See  ref.  3.)  Such  studies  led  to  useful  prediction  schemes  but  did  little 
to  identify  and  rank-order  the  sources  of  the  noise.  Gradually,  however, 
some  understanding  of  the  actual  sources  and  their  relative  Importance 
began  to  emerge.  For  the  "clean"  (cruise-configured)  aircraft,  it  is  now 
generally  conceded  that  the  primary  sources  are  associated  with  the  inter- 
actions of  the  wake  of  the  wing  with  the  wing  itself,  while  for  the  "dirty" 
(landing-configured)  aircraft,  noise  generated  by  the  flaps  and  the 
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landing-gear-wheel-well  combination  becomes  dominant.  This  paper  presents 
an  appraisal  of  the  state  of  knowledge  of  airframe  noise  in  an  attempt  to  assess 
its  impact  on  aircraft  operations  as  well  as  to  identify  potential  methods  for 
its  reduction.  Also,  included  is  an  evaluation  of  full-scale  data  regarding 
levels,  spectra,  and  directivity  of  airframe  noise  which  suggests  that  airframe 
noise  is  more  complex  than  had  previously  been  assumed.  Thus,  the  early 
empirical  airframe  noise  prediction  techniques  are  giving  way  to  more  refined 
analyses  which  view  the  total  sound  radiation  as  a summation  of  noise  generation 
by  individual  components  such  as  airfoils  and  flaps,  wheel  wells,  and  landing 
gear.  Noise  generation  mechanisms  for  these  individual  component  sources  are 
discussed  and  methods  for  their  reduction  identified. 
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SYMBOLS 

ratio  of  area  elements 
effective  perceived  noise  level 
Jacobian  of  transformation 
wave  nvimber 

Mach  number  in  observer  direction 
overall  sound  pressure  level 
Reynolds  number 
surface 

one-third  octave  band  sound  pressure  level 
wing  area 

Lighthill  stress  tensor 

flow  or  aircraft  speed 

volume 

eddy  volume 

speed  of  sound 

cylinder  diameter 

aircraft  altitude 

streamwise  correlation  length 
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components  of  normal  vector 
p acoustic  pressure 

PlJ  compressive  stress  tensor 

r observer  distance 

distance  of  center  of  eddy  from  edge 
s sideline  distance 

t time 

u turbulent  Intensity 

normal  velocity 
X observer  position 

x^yXj  components  of  position  vector 

e observer  angle 

source  position 
0 angle  between  flight  path  and  observer  directions 

00  angle  between  mean  flow  and  trailing-edge  directions 

X directivity  angle  in  flyover  plane 

V kinematic  viscosity 

far-field  density 
ambient  density 

^ angle  between  trailing  edge  and  observer  directions 

(0  circular  frequency 

AOASPL  Increment  in  overall  sound  pressure  level 

A bar  over  a symbol  indicates  time  average. 

AN  OVERVIEW  OF  AIRFRAME  NOISE 

There  are  many  potential  sources  of  airframe  noise  on  an  aircraft,  as  shown 
schematically  in  figure  1.  Each  of  these  sources  is  believed  to  have  its  own 
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characteristic  amplitude,  spectrum,  and  directivity.  If  one  measures  the 
overall  airframe  noise  produced  by  an  aircraft,  one  sees  the  resultant  produced 
by  the  summation  of  these  Individual  sources.  Although  this  may  be  confusing 
from  the  standpoint  of  defining  and  evaluating  mechanisms,  it  Is  nevertheless 
the  noise  field  of  ultimate  interest.  Thus,  It  may  be  useful  to  review  avail- 
able overall  airframe  noise  measurements. 


Intensity 

Overall  airframe  noise  measurements  directly  beneath  the  flight  path  of 
the  aircraft  have  been  made  for  a number  of  years.  Tables  listing  65  data 
points  published  prior  to  1975  have  been  compiled  by  Hardin,  Fratello,  Hayden, 
Kadman,  and  Africk  (ref.  4).  However,  many  of  these  early  data  were  obtained 
by  using  less  than  optimum  measurement  and  analysis  techniques.  Microphones 
were  often  pole  mounted  in  order  to  compare  results  with  certification  levels, 
determination  of  the  aircraft  position  and  velocity  was  crude,  and  only  minimal 
efforts  to  remove  the  effects  of  residual  engine  noise  were  made.  Recently, 
however,  two  studies  which  attempt  to  overcome  these  objections  were  published. 
(See  refs,  'j  and  6.) 

The  first  of  these  studies  (ref.  5)  presented  measurements  of  Aero 
Commander,  Jetstar,  CV-990,  and  B-747  aircraft.  The  microphones  were  mounted 
flush  with  the  ground  to  remove  spectral  distortion  produced  by  reflection  and 
radar  was  employed  to  track  the  aircraft  as  it  flew  a nearly  constant  airspeed 
glide  slope  over  the  microphone  array. 

Airframe  noise  data  on  the  British  aircraft  H.P.  115,  HS.  125,  BAG  111, 
and  VC.  10  were  obtained  by  Fethney  (ref.  6).  This  study  employed  flush-mounted 
microphones  and  a kine-theodolite  system  for  precise  position  tracking,  repeat 
flights  to  reduce  statistical  variability  in  the  data,  and  extensive  efforts  to 
determine  and  remove  residual  engine  noise  from  the  data. 

On  the  basis  of  these  data,  Fink  (ref.  7)  has  developed  a semiemplrlcal 
prediction  scheme  for  airframe  noise  produced  by  aircraft  in  the  clean  (cruise) 
configuration.  The  overall  sound  pressure  level  directly  below  the  aircraft 
is  given  by 


OASPL  “ 10  log, 


(&) 


+ 108.3  dB 


where 


aircraft  speed,  meters  per  second 
2 

wing  area,  meters 


altitude,  meters 
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All  sound  pressure  levels  In  this  paper  will  be  referenced  to  20  pPa.  Note 
that  this  relation  implies  a dependence  of  clean  airframe  noise  on  velocity 
to  the  fifth  power.  A comparison  of  this  prediction  with  measured  data  from  a 
number  of  cruise-configured  aircraft  is  shown  in  figure  2. 

The  airframe  noise  levels  generated  in  the  landing  configuration  are 
believed  to  be  more  dependent  upon  the  detailed  design  of  the  aircraft  than 
those  of  the  cruise  configuration.  Several  additional  components  such  as 
leading-edge  slats,  trailing-edge  flaps,  landing  gear,  and  wheel  wells  are 
deployed  during  landing  whose  relative  contributions  to  the  overall  noise  may 
vary  considerably  from  aircraft  to  aircraft.  Further,  these  sources  are  not 
necessarily  independent,  but  may  interact  with  each  other  due  to  changes  in  the 
total  flow  field.  Although  it  is  difficult  to  directly  measure  the  effects  of 
the  individual  components  on  the  airframe  noise,  Fethney  made  some  estimates 
based  upon  measurements  for  the  VC.  10  in  reference  6.  The  data  shown  in  fig- 
ure 3 for  comparison  are  decibel  Increases  over  the  clean-configuration  overall 
sound  pressure  level  as  produced  by  several  different  flight  conditions.  The 
total  change  in  airframe  noise  level  from  the  cruise  to  approach  configurations 
for  this  aircraft  was  11  dB.  Either  flap  deployment  or  landing-gear  deployment 
with  open  wheel  well  is  estimated  to  account  for  about  9 dB  individually.  The 
difference  in  noise  level  between  open  and  shut  undercarriage  doors  is  estimated 
to  be  about  4 dB;  this  seems  to  indicate  that  substantial  noise  may  be  generated 
by  large  open  cavities  which  suggests  a method  for  noise  reduction  on  those 
aircraft  whose  undercarriage  doors  normally  remain  open  after  gear  deployment. 

In  reference  7 , Fink  has  also  developed  a prediction  scheme  for  airframe 
noise  produced  by  aircraft  in  the  dirty  (or  approach)  configuration.  The 
overall  sound  pressure  level  below  the  aircraft  is  given  by 


OASPL  . 10  log^„  (l^j  (^)  + 116-7  dB 


A comparison  of  the  prediction  by  this  relation  with  data  from  several  aircraft 
in  the  approach  configuration  is  shown  in  figure  4.  Although  most  of  the  data 
appear  to  be  well  predicted  by  this  relation,  two  of  the  aircraft,  the  H.P.  115 
and  the  BAC  111,  exhibit  substantially  lower  levels  corresponding  better  to  the 
clean  airframe  prediction  of  equation  (1)  because  of  design  peculiarities  of 
these  aircraft  which,  when  better  understood,  should  yield  design  .rjethods 
applicable  to  other  aircraft. 

Fink's  relations  have  been  employed  to  predict  cruise  and  approach  noise 
levels  for  modern  aircraft  comprising  most  of  the  current  commercial  fleet. 

The  results  are  shown  in  figure  5.  The  approach  airframe  noise  lies  at  approx- 
imately the  FAR  36  - 10  dB  level. 
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Spectra 

Baaed  upon  early  measurements,  Healy  suggested  that  airframe  noise  directly 
below  an  aircraft  produced  a "haystack"  type  spectrum  which  peaked  at  a constant 
Strouhal  number  based  on  airspeed  and  a characteristic  wing  thickness.  (See 
ref.  8.)  More  recent  measurements  indicate  a much  more  complex  spectrum. 

Figure  6 displays  the  peak  one-third  octave  band  spectra  normalized  to  equal 

, found  pressure  levels  for  the  clean  Jetstar,  CV-990,  and  B-747  aircraft 
as  measured  by  Putnam,  Lasagne,  and  White  (ref.  5).  Although  such  measurements 
are  complicated  because  the  moving  source  produces  a nonstationary  signal, 
third— octave  analyses  are  generally  reliable  as  long  as  short  averaging  times 
are  employed.  Note  that  the  spectra  exhibit  two  peaks,  a lower  one  in  the 
vicinity  of  200  Hz,  which  corresponds  roughly  to  the  frequency  predicted  by 
Healy’s  Strouhal  relation,  and  a higher  one  near  1250  Hz.  However,  reference  5 
stated  the  surprising  result  that  the  shape  of  these  spectra  and  the  position 
of  the  peaks  showed  no  consistent  change  with  airspeed.  Spectra  for  the 
H.P.  115,  HS.  125,  and  BAG  111  obtained  by  Fethney  (ref.  6)  display  the 
shape  and  peak  location. 

The  change  in  spectrum  shape  for  the  VC.  10  in  going  from  the  clean  config- 
uration to  the  dirty  configuration  is  illustrated  by  the  data  of  figure  7.  The 
characteristic  double-peaked  spectrum  for  the  clean  configuration  is  not 
discernible  for  this  aircraft.  The  major  difference  in  the  spectrum  for  the 
dirty  configuration  is  a broadband  Increase  in  level,  particularly  at  the  low- 
frequency  end. 


Directivity 

The  directivity  of  airframe  noise  has  only  recently  begun  to  be  explored 
and  only  a modest  amount  of  data  exists  in  the  open  literature.  Figure  8 
portrays  the  reductions  in  measured  overall  noise  levels  (over  those  directly 
below  the  aircraft)  with  sideline  distance  for  the  four  aircraft  tested  by 
Fethney  (ref.  6).  Thepe  data  are  compared  with  predicted  reductions  based  upon 
consideration  of  the  total  aircraft  either  as  a point  monopole  (solid  curve) 
or  as  a point  dipole  (dashed  curve)  oriented  in  the  lift  direction.  The  fact 
that  the  data  cluster  about  the  solid  curve  indicates  a monopolelike  falloff 
to  the  side.  Similar  behavior  has  been  observed  by  Lasagne  and  Putnam  for  the 
Jetstar  aircraft  in  the  landing  configuration.  (See  ref.  9.)  This  result  is 
important  in  its  implications  for  the  source  type  dominant  in  airframe  noise 
as  well  as  for  the  airframe  noise  "footprint"  and  will  tend  to  make  airframe 
noise  more  important  on  the  sideline  than  had  previously  been  assumed. 

Figure  9 shows  airframe  noise  measurements  in  the  flyover  plane  for  a clean 
aircraft  (ref.  10),  The  data  have  been  corrected  for  an  Inverse  square 
falloff  with  distance  and  are  plotted  as  a function  of  X,  the  angle  of  the 
approaching  aircraft  with  respect  to  the  horizontal.  (Before  normalizing,  the 
airframe  noise  peaked  slightly  before  the  aircraft  was  directly  overhead.) 

These  measured  data  are  compared  with  calculated  values  of  the  sum  of  two 
dipoles  oriented,  respectively,  in  the  lift  and  drag  directions.  Note  that  the 
main  directivity  features  of  the  measurements  are  supported  by  the  calculations. 
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The  best  agreement  between  the  measured  data  and  this  theoretical  approach 
is  obtained  when  the  dipoles  are  negatively  correlated* 


A THEORETICAL  BASIS  FOR  AIRFRAME  NOISE 

The  most  inclusive  theoretical  basis  for  the  study  of  sound  production  by 
the  airframe  Is  that  developed  by  Ffowcs  Williams  and  Hawkings  (ref.  11)  who 
extended  the  Llghthlll-Curle  theory  of  aerodynamic  sound  generation  (refs.  12, 
13,  and  14)  to  Include  arbitrary  convection  motion.  For  this  case,  the  wave 
equation  governing  the  generation  and  propagation  of  sound  admits  the  general 
solution 


This  solution  Implies  that  the  sound  sources  may  be  represented  by  a quadrupole 
distribution  related  to  the  Lighthill  stress  tensor  T^j  within  the  volume  of 
turbulence,  a surface  distribution  of  dipoles  dependent  upon  the  compressive 
stress  tensor  p^j , and  a surface  distribution  of  monopoles  produced  by 
the  normal  velocity  of  the  surface  v^j.  Ffowcs  Williams  and  Hawkings  further 
showed  that,  for  a rigid  surface,  the  monopole  distribution  degenerates  into  a 
distribution  of  dipoles  and  quadrupoles  throughout  the  volume  contained  within 
the  surface.  (See  ref.  11.) 

In  the  majority  of  airframe  noise  research  to  date,  the  aircraft  has  been 
assumed  to  be  rigid.  Application  of  this  assumption  in  the  theory  discussed  in 
the  preceding  paragraph  Implies  that  airframe  noise  consists  of  a distribution 
of  dipoles  and  quadrupoles.  Further,  at  the  low  Mach  numbers  of  interest 
(approximately  0.3  for  landing  approach),  the  quadrupole  distribution  has  been 
neglected.  Thus,* airframe  noise  sources  have  been  considered  as  dipole  in 
nature.  These  dipole  sources  have  also  been  assumed  to  be  compact  and,  often, 
replaced  by  equivalent  point  dipoles  acting  at  the  center  of  the  distribution. 

Several  aspects  of  experimental  data  regarding  airframe  noise  are  difficult, 
if  not  impossible,  to  explali.  in  terms  of  such  a theory. 

Firstly,  the  velocity  dependence  of  airframe  noise  has  consistently  been 
found  to  be  less  than  the  sixth  power  which  would  be  expected  of  an  aerodynamic 
dipole.  This  result  has  led  to  considerable  interest  in  the  theories  of  Ffowcs 
Williams  and  Hall  (ref.  15)  and  Powell  (ref.  16).  They  considered  the  radiation 
from  a volume  of  turbulence  near  the  edge  of  a rigid  half-plane  and  found  that 


the  sound  production  oi  (juadi  uj)c»lcs  axos  in  a plane  normal  to  the  edge 

was  enhanced  such  that  tin*  lar-t  lc*ld  sound  intensity  varied  an  the  fifth  power 
of  the  typical  fluid  velucUy,  However ^ there  was  no  cMihancoTnont  of  quadrupoles 
with  axes  parallel  to  the-  i*det  , 

Secondly^  the  definite  moitopoJ  «>]  Ike  sideline  directivity  of  airframe  noise, 
which  has  been  observed  hv  independent  rebearch  p^roups,  is  hard  to  understand 
on  the  basis  of  a purely  dipole  theory.  Certainly  It  is  possible  for  three 
mutually  perpendicular  dipoles  to  masquerade  as  a monopolo.  However,  this 
requires  them  to  be  statistically  independent  and  of  equal  amplitude.  Although 
it  is  not  hard  to  imagine  the  overall  fluctuating  lift  and  drag  forces  on  -n 
aircraft  to  be  the  same  order  of  magnitude,  a fluctuating  side  force  of  equal 
strength  is  more  difficult  to  visual ir.e.  About  the  only  place  where  such  a 
force  could  exist  in  the  cleaia  conf igtirat ion  is  on  the  vertical  tail.  However, 
since  it  is  much  smaller  in  area  tiian  tl\e  wing  surface,  much  higher  fluctuating 
pressures  on  its  surface  would  be  required. 

Finally,  the  source  of  the  high  frequency  peak  in  the  airframe  noise 
spectrum  (fig#  6)  is  puzzling#  This  peak,  which  was  observed  by  the  authors  of 
both  references  5 and  6,  is  higher  in  frequency  than  that  expected  from  known 
wing  noise  mechanisms  and  seems  co  be  relatively  insensitive  to  airspeed# 

Since  the  frequency  of  an  aeroacoubtic  source  ordinarily  scales  on  airspeed, 
the  presence  of  this  peak  suggests  tVie  possibility  of  radiation  from  fundamental 
vibratory  modes  of  the  aircraft  structure.  Although  such  vibration  has  not 
previously  been  considered  as  a source  of  airframe  noise,  just  such  a spectral 
peak  has  been  observed  by  Davies  in  refcrencei  17,  who  investigated  sound 
produced  by  turbulent-boundary--layvr  excited  panels.  Davies  found  that  the 
frequency  of  this  peak  was  reasonably  independent  of  flo\;  speed. 

A similar  spectrum  has  also  been  observed  by  Maestrello  (ref.  18)  who 
reported  Interior  measurements  in  an  imupholstered  Boeing  720  airplane.  Shown 
in  figure  10  are  spectra  of  panel  acceleration  as  well  as  sound  pressure  level 
close  to  the  panel  for  the  airplane  in  flight  at  a Mach  number  of  0#87  and  an 
altitude  of  7700  meters.  AlbO  s-hovn  are  tlie  clianges  in  these  spectra  with 
cabin  pressure.  Maestrello  notes  that  the  sound  pressure  level  varies  as  the 
fifth  power  of  velocity.  He  further  observes  that  most  sound  radiation  comes 
from  the  edges  of  the  panels  and  demonstrates  methods  for  noise  reduction  by 
stiffening  the  panel  boundaries#  If  panel  vibration  is  truly  responsible  for 
the  high  frequency  peak  observed  in  airframe  noise  radiation,  Maestrello* s 
techniques  offer  a direct  i ethod  of  noise  reduction# 

More  recently.  WllLy  and  Oloyna  (ref#  19)  made  sL.iilar  measurements  on  a 
Boeing  737  airplane#  Again  the  1-kHz  peak  was  observed  which  was  taken  as 
evidence  that  the  panel  siructurtt  iicts  as  a til  ter  with  that  center  freciuency# 
Correlation  of  the  vibration  data  was  high  in  the  longitudinal  direction  but 
low  in  the  circumferential#  Adjacent  panels  were  essentially  micorrel ated # 

These  phenomena  emphasize  the  necessity,  of  a closiu'  loeV  at  the  assumptions 
employed  in  the  theory  of  airfrarue  noise.  Vliile  It  is  wise  to  recall  that  there 
are  many  absolutely  equivalent  fonmilations  of  roa('(>ust  ( c 8('\»rres.  the 
enhancement  of  quadrupole  sour^  t - in  the  ricinitv  ol  an  ed>'»  i predicted 
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by  Ffowcs  Williams  and  Hall  (ref.  15)  and  Powell  (ref,  16)  suggests  that 
quadrupole  terms  in  any  theoretical  formulation  should  not  be  dismissed  lightly. 
Further,  the  evidence  cited  previously  which  Indicates  that  vibration  may  be 
a source  of  airframe  noise  brings  into  question  the  assumption  of  rigidity. 

If  the  ourfacc  vibrates,  the  monopole  source  term  in  equation  (3)  may  dominate 
which  would  explain  the  monopolelike  sideline  directivity  that  has  been  observed. 
Of  course,  there  is  still  no  mass  addition  to  the  flow  but,  due  to  the  size  of 
the  body,  each  point  on  the  surface  may  be  acting  as  a baffled  piston  unable 
to  interfere  effectively  with  its  mate  of  opposite  phase  elsewhere.  The  large 
size  of  the  body  also  sheds  doubt  on  the  assumption  of  compactness.  The  spatial 
extent  of  the  source  region  is  of  the  order  of  the  span  of  the  aircraft  while 
a typical  frequency  of  Interest  has  a we-elength  of  0.5  m.  It  is  possible  to 
take  into  account  the  correlation  length  of  the  source  distribution  and  replace 
each  correlated  region  by  a point  source  as  suggested  in  reference  20.  However, 
even  the  correlation  length  may  be  of  the  order  of,  or  larger  than,  the  wave- 
length. Thus,  the  assumption  of  compact  sources  cannot  be  rigorously  justified. 
Further,  this  "component  source  technique”  neglects  diffraction  of  the  sources 
by  the  fuselage  which  may  be  important  in  airframe  noise  and  could  be  partially 
responsible  for  the  observed  directivity  pattern. 


COMPONENT  SOURCES  OF  AIRFRAME  NOISE 

As  noted  earlier  in  this  paper,  airframe  noise  is  the  resultant  of  many 
different  noise  generating  mechanisms.  Thus,  in  order  to  render  the  research 
problem  more  manageable,  it  is  prudent  to  identify  and  evaluate  these  individual 
sources . 

The  work  of  Curie  (ref.  14),  who  extended  Lighthill's  theory  (refs.  12 
and  13)  to  Include  the  case  where  rigid  bodies  are  present  within  the  field  of 
Interest,  showed  that  the  sound  generation  in  the  presence  of  a body  could  be 
expressed  by  a distribution  of  dipoles  over  its  surface  in  addition  to  the 
usual  volume  integral.  The  strength  of  these  dipoles  is  related  to  the  fluctu- 
ating pressure  experienced  by  the  surface.  This  theory  is  exact  and  highly 
useful  for  computational  purposes.  However,  it  has  led  to  a certain  amount  of 
confusion  about  the  roles  of  surfaces  in  sound  generation.  Actually,  a rigid 
surface  can  produce  no  sound,  as  can  be  seen  by  noting  that  the  acoustic  energy 
flux  must  approach  zero  close  to  a rigid  surface  (ref.  21).  Thus,  the  true 
sources  of  sound  are  disturbances  within  the  flow  field  Itself  and  the  surface 
can  act  only  in  changing  the  strengths  of  these  volume  sources  and  in  reflecting 
and  diffracting  the  sound  they  produce.  The  fact  that  the  flow  disturbances 
generate  the  fluctuating  pressures  on  the  surface  is  responsible  for  the  alter- 
nate description  of  the  sound  production.  The  Importance  of  this  result  is 
that  it  emphasizes  the  vital  role  played  by  the  local  flow  field  about  the  air- 
frame components.  Little  is  known  about  such  flows. 

The  many  different  noise-generating  mechanisms  which  comprise  airframe 
noise  can  be  crudely  classed  in  terms  of  three  simple  models,  that  is,  noise 
generation  by  cylinders,  streamlined  bodies,  and  cavities. 
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an  infinite > flat,  rigid  surface  leaving  only  iho  vJscouh  dipoles  witli  axes 
lying  in  the  surface  itself.  Since  sucdi  viscouH  streHses  ran  c^nly  become 
significant  at  Reynolds  numbers  much  smaller  than  those  developed  on  commercial 
aircraft,  direct  radiation  from  the  turbulent-boundary  layer  is  n mticli  less 
efficient  source  of  direct  radiation  than  others  present  even  for  moderately 
curved  surfaces  (as  long  as  no  separation  occurs).  This  result  remains  valid 
for  finite  surfaces  when  the  surface  is  larger  than  the  sound  wavelength  - 
which  is  usually  true  of  airframe  noise  - except  near  the  edges.  This  ^‘edge- 
noise**  source  is  discussed  later. 

In  reference  to  the  panel  vibration  source  proposed  earlier  in  this  paper, 
it  might  be  mentioned  that  Laufer,  Ffowcs  Williams,  and  Childress  (ref,  26) 
have  considered  the  case  where  the  surface  is  flexible  and  able  to  respond  to 
the  boundary-layer  excitation.  They  remark  that  for  surfaces  of  limited  extent, 
wall  motion  becomes  equivalent  to  a simple  source  system  of  high  acoustic 
efficiency  and  can  quickly  become  the  most  important  feature  of  the  practical 
boundary-layer  noise  problem.  Thus,  it  appears  that  the  boundary-layer  pres- 
sure fluctuations  are  not  major  sources  of  noise,  but  the  aircraft  surface  may 
generate  sound  through  vibration  and  may  reflect  sound  produced  by  other  sources. 
Both  of  these  roles  require  further  research  for  better  understanding. 

Wake  vorticity,-  Sound  generation  by  force  fluctuations  Induced  by  vortic- 
Ity  shed  from  the  surface  is  probably  the  primary  cause  for  the  experimentally 
observed  fact  that  aerodynamic  surfaces  radiate  predominantly  from  sletider 
strips  along  their  edges.  At  the  edge  of  an  aerodynamic  surface,  the  flow 
must  separate  shedding  vorticity  into  a wake.  This  vorticity  will  induce 
fluctuating  surface  pressures  which  fall  off  with  distance  from  the  vortex. 

Thus,  the  largest  pressures  will  occur  close  to  the  edge.  In  addition,  non- 
cancellation of  boundary-layer  fluctuations  also  occur*^  in  this  region.  Uliich 
of  these  effects  is  dominant  is  not  known  at  this  time,  although  wake-induced 
pressures  normally  should  be  more  intense.  However,  both  point  to  edge  noise 
as  a primary  source  of  airframe  sound  generation. 

The  present  understanding  of  this  source  is  well  depicted  by  figure  12 
which  is  taken  from  a report  by  Siddon  (ref,  27),  Siddon  suggests  that  alter- 
nate vortex  shedding,  with  a fairly  narrow  band  of  preferred  frequencies,  leads 
to  a time-dependent  relaxation  of  the  Kutta  condition  at  the  trailing  edge. 

The  **stagnation  streamline**  switches  cyclically  from  the  upper  to  the  lower 
surface;  thus,  a f luctuating-force  concentration  is  induced  near  the  edge. 

Note  that  this  is  exactly  the  same  mechanism  responsible  for  the  production 
of  strut  noise  as  discussed  earlier. 

There  has  been  extensive  work  on  the  prediction  of  this  edge-noise  source 
and  numerous,  sometimes  conflicting,  theories  have  been  produced.  (Sec  ref.  4.) 
Again,  the  generation  process  is  highly  dependent  upon  Reynolds  number.  Much 
recent  work  (e.g.,  refs.  28  and  29)  has  dealt  with  the  intense  tones  which 
can  be  produced  by  isolated  airfoils  with  laminar  boundary  layers.  However, 
such  tones  require  Reynolds  numbers  based  on  airfoil  chord  of  less  than  about 
2 ^ 10^  whereas  commercial  aircraft  ordinarily  exhibit  Reynolds  numbers  of 
many  millions.  At  these  higher  Reynolds  ntimbers,  a transition  similar  to  the 
collapse  of  the  classical  Von  Karman  street  behind  a cylinder  apparently  ('ccurs 
and  a more  broadband  radiation  results. 
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Fink,  In  reference  30,  has  experlmcntnlly  evaluated  the  varlour.  theorlea 
for  trail Inp, -edge  noise  generation.  He  concludee  that  the  beat  proaent  theorlea 
arc  thofle  hy  Ffowes  Wllllama  and  Hall  (ref.  15)  and  Powell  (ref.  16).  The 
first  of  those  papers  considers  the  scattering  of  sound  generation  hy  Ughthlll- 
typo  quadrupoles  d(u*  to  the  presence  of  a half —plane  In  the  flow.  The  results 
show  that  sound  output  of  quadrupoles  associated  with  fluid  motion  in  a plane 
normal  to  the  edge  Is  Increased  hy  a factor  (Kto)"^  where  K « ui/a  is  the 
acoustic  wave  number  and  Tq  is  the  distance  of  the  center  of  the  eddy  from 
the  edge.  There  Is  no  enhancement  of  sound  from  longitudinal  quadrupoles  with 
axes  parallel  to  the  edge.  According  to  this  theory,  the  mean  square  pressure 
produced  by  a single  eddy  near  the  trailing  edge  Is 


-S  U®  V^,  sin  ♦ sln^  0 

p^r.e.O  . ^ 


o 


COS^  (i/2 


2 3 2 


(4) 


where 

u turbulent  intensity 

eddy  volume 

Ig  streamwise  correlation  length  of  eddy 

0 angle  between  streamwise  and  observer  directions 

0Q  angle  that  mean  flow  makes  with  trailing  edge 

(|)  angle  between  trailing  edge  and  observer  directions 

This  expression  can  then  be  summed  at  the  observer  location  over  all  the 
(Independent)  eddies  near  the  trailing  edge.  Note  that  this  theory  implies 
a dependence  on  the  fifth  power  of  velocity  and  the  square  of  turbulence 
intensity.  It  also  gives  rise  to  a directivity  pattern  in  a plane  normal  to 
the  edge  dependent  upon  cos^  0/2.  Finally,  the  theory  predicts  that  a "swept 
trailing  edge  (relative  to  the  mean  flow  direction)  would  produce  less  noise 
due  to  the  sin^  0^  dependence. 

Inflow  turbulence.-  The  final  mechanism  by  which  fluctuating  forces  may 
be  developed  on  an  aerodynamic  surface  is  through  the  action  of  incoming 
turbulence.  Although  atmospheric  turbulence  is  ordinarily  of  too  large  scale 
and  too  low  intensity  to  be  important  in  this  regard,  airframe  components, 
such  as  flaps,  which  lie  in  the  wake  of  other  portions  of  the  aircraft,  may 
generate  noise  through  this  mechanism. 

Although  several  different  approaches  to  the  analysis  of  this  noise  source 
have  been  devised  (ref.  4),  it  is  useful  to  observe  that,  since  the  work  of 
Ffowes  Williams  and  Hall  (ref.  15)  is  purely  concerned  with  scattering  of 
sound  near  an  edge,  it  is  equally  applicable  to  this  case  as  wc;!!.  In  other 
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words,  their  theory  niakos  no  distinction  between  incoming  turl>uience  Impinglnp, 
on  .1  lending  edpc  and  turbulence  being  shed  from  a trailing  edge.  Thus,  equa- 
tlmi  (4)  can  be  employed  to  calculate  the  level  and  directivity  of  tills  leading- 
edge  source  as  well,  Tlie  same  concerns  about  source  distribution  apply,  witli 
the  only  change  being,  perhaps,  the  characteristics  of  the  eddies  tliemselves. 

One  possible  means  of  reducing  both  the  Incident  turbulence  and  trailing'' 
edge  noise  on  streamlined  bodies  is  tlirougb  use  of  porous  surface  treatment 
such  as  has  been  developed  for  lilgli  lift  configurations.  Tills  application 
lias  rc>cently  been  considered  by  Hayden  in  relerence  31,  Figure  13  shows  the 
noise  reductlim  produced  by  porous  trail Ing-cdge  treatment  on  on  NACA  0012 
airfoil  at  4”  angle  of  attack.  This  airfoil  was  In  tlie  Heynoids  number  range 
wheie  a narrow  band  tone  can  be  generated  which  Is  not  the  case  for  commercial 
aircraft.  However,  it  can  be  seen  tliat  the  lower  frequency  trail ing-e<lge  noise 
is  also  significantly  reduced.  Such  treatment  ma>  also  be  utilized  on  the 
leading  edge  although  maintalnance  of  aerodynamic  performance  is  difficult. 


Cavities 

The  final  component  source  of  airframe  noise  to  be  discussed  in  this 
section  is  sound  generation  by  cavities  In  the  surface  of  the  aircraft.  Recent 
data  (ref.  6)  indicate  that  one  of  the  most  intense  sources  of  airframe  noise 
on  landing  approach  is  produced  by  the  wheel  cavities  of  the  aircraft  since  a 
significant  increase  in  the  broadband  noise  spectrum  is  observed  when  the  wheel 
wells  are  opened.  (See  fig.  3.)  This  phenomenon  is  shown  in  figure  14  which 
is  a compendium  of  cavity  noise  data  from  actual  aircraft  produced  by  Heller 
and  Dobrzynski  (ref,  32).  It  can  be  seen  that  the  larger  the  cavity,  the 
higher  in  intensity  and  lower  in  frequency  is  the  sound  produced.  Of  course, 
the  larger  cavities  generally  contain  more  landing-gear  assemblies  which  may 
also  be  a factor.  Although  it  is  not  yet  clear  whether  this  noise  increase  Is 
due  to  the  cavity  i cself  or  to  a change  in  the  flow  field  around  the  wing-flap 
system,  considerable  research  into  noise  generation  mechanisms  of  cavity  flow 
has  been  stimulated. 

The  flow  field  within  cavities  has  been  of  interest  for  several  years 
because  of  fatigue  and  buffeting  problems.  Thus,  extensive  data  on  cavity  flow 
fields  have  been  obtained  and  methods  for  the  reduction  of  Internal  pressure 
oscillations  have  been  developed.  (See  ref.  33.)  Unfortunately,  however,  few 
measurements  of  far-field  sound  generation  by  cavities  exist  due  to  the  diffi- 
culty of  making  such  measurements  in  present  day  flow  facilities. 

The  "basic"  (this  author's  terminology)  cavity  noise  mechanism  is  a fairly 
complex  interaction  between  the  shear  layer  over  the  cavity  and  the  volume 
within  It.  The  shear  layer  apparently  has  fundamental  modes  of  instability 
which  act  as  a forcing  function  to  produce  oscillation  of  the  air  within  the 
cavity.  However,  the  efficiency  of  this  forcing  function  in  producing  sound 
depends  upon  liow  well  it  couples  with  the  fundamental  acoustic  modes  of  the 
cavity.  If  the  coupling  is  strong,  very  intense  tones  can  be  produced.  These 
tones  have  been  studied  by  Block  and  Heller  (ref.  34). 
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Thifi  b/Hilr  cavity  nnlac  Tnccbaninm  ir*  prim.irih/  a i n ♦(uru<  plicnnmcnnn , 
uccurrinp,  i'ut  Sirnuhal  numl>**ra  icna  than  about  luiilin,  it  h.  alf>(» 

rrltlr’aHy  dopondont  upon  I ho  ('avity  fdt/tpt*.  Ih-toui  t<**.l'.  .*l  i * liiul.u  rawjtv 
cimductod  at  the  banp^loy  Honoarcb  Conti*r  produced  laucb  l»  ; •.  tuuai  unli.i'  radl-^ 
at  Ion  than  a nquaro  cavity  of  nldo  Icni'tlt  ecpial  to  tin  di.inuiM  ui  tiu*  » ircular 
I’avity*  Tbiu  lu  Important  ati  tito  cavitloi;  on  teal  an-  i.iu(  b dlMrmit 

In  t]bapo  from  tlu'  nlmplo  rcctanpuJ/ir  model.  (f>ee  n i . l umII  , uj  iamrce, 

tblu  tntal  mocbanlnm  cannot  be  ri*nponr. i bl e lor  llie  nboei'ad  (Muadbaud  radl/jtlnn 
ol  nail  alra’raft  (*avJtlen,  'tluii;,  It  lit  necefu.arv  in  naiaidtj  ntbei  poiititlal 
laivlty  nolne  mecbanlnma. 

There  art*  at  leant  two  ollu*r  poniiible  fioutces  ul  (avil  v noise.  The  idusir 
layi*r  sited  from  the  leading  edge  i^f  ibe  tvivity  v/Ml  ludm  e llurtnatlng,  pressuns; 
on  tlu^  edge  renuJtJng  in  an  edge-mUne  nourei*  as  dlstussed  pns/iuusly.  furtlu^r, 
the  turbulence  In  the  shear  layei  will  Impinge  on  the  Isac  t wall  o)  (lu*  (avlly 
resulting  in  an  Incident  turbulence  Hource  similar  lo  that  incut  imud  earlier. 
Thus,  there  la  the  potential  for  a "t rai  1 ing‘-i*dg,i**'  souiei*  at  the  leading,  talge 
of  the  cavity  and  a “leading-edge**  source  at  tiu  tioilnu.  •dre  “l  the  cavity, 
both  these  sources  may  be  analyzed  by  the  tluuu  ''  pn*v  i ous  I v d«  vrU»pi*d  and 
both  will  produce  a more  broadband  noise.  Tlu*  aiMlvsis  i:;  c.implilied  |)V  the 
fact  that  these  sources  will  appear  compart. 

A potential  design  and  operating  problcan  might  be  point  i-d  tnii  bore.  Tlie 
noise  generation  by  these  component  sources  is  intimatol.-  related  l llie  flow 
around  them  which  also  determines  their  drag.  In  fael  , lU  vaHl  ( rel  . 36)  is 
attempting  to  predict  airframe  noise  from  steady  drap.  liu’.eoirt  iuc*ut  s . ff  U 
turns  out  that  tliere  exists  a one-to-one  relation  belvaou  aiiiioaio  noi.se  ami 
drag,  a general  drag  cleanup  of  the  aircraft  in  landiu)'  apiia-.u!:  would  In* 
necessary.  This  might  well  imply  higher  landing  spcialo,  im  j b »])'  roepuring 
longer  runways,  and  cause  consternation  among  pilots  who  pt  t i j i liii  b drcig. 
on  approach. 


CONCLUDINC  REMARKS 

This  paper  has  presented  a critical  avssessmc*nt  ol  tlu*  stuto  ol  the  art  in 
airframe  noise.  Full-scale  data  on  the  Intensity,  spectra,  aiul  dircotivitv  of 
this  noise  source  were  evaluated  in  liglit  of  the  comprehen*.  i vo  theorv  d(  vedoped 
by  Ffowes  Williams  and  Hawkings.  Vibration  of  panel^;  «'U  llu*  aiivialt  was 
Identified  as  a possible  additional  source  of  airfr-me  ucuse.  Ibc  prescnit 
understanding  and  methods  for  prediction  of  I'ther  (i^mpoiuaU  soui  m*!,  - airfoils, 
struts,  and  cavities  -were  discussed.  Operatiuj*  pr,d<  1 i-n.*.  i at  i d with 

airframe  noise  as  well  as  potential  design  methods  f(»r  iirliaim  noi;;r  ii*durtion 
were  i d<mt  If  ied  . 
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Figure  1.-  Schematic  diagram  Illustrating  potential 
sources  of  airframe  noise. 
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Figure  2.-  Measured  and  calculated  maximum  OASPL 
for  conventional  airframes  with  retracted 
gear  and  flaps. 
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Figure  3«~  Estimated  nonpropulslve  noise  Increase  due  to 
changes  from  the  cruise  configuration  for  the  VC.  10 
airplane. 
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Figure  4.-  Measured  and  calculated  maximum  OASPL  for  air 
frames  with  extended  landing  gear. 
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Figure  5.>  Comparison  of  predicted  approach  and  cruise  airframe 
noise  levels  with  FAR  36  certification  standard  (ref.  2). 
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Figure  6.-  Clean  configuration  airframe  noise  spectra  directly 
below  aircraft  normalized  to  equal  overall  sound  pressure 
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Figure  7.-  Comparison  of  one-third  octave  band  airframe  noise 
spectra  for  dirty  and  clean  configurations  of  VC.  10  airplane 
flying  overhead  at  183  m. 


Figure  8.-  Measured  and  predicted  reduction 
in  sideline  OASPL  for  four  aircraft  in 
clean  configuration. 


OVJRAil  SOUND 
DHfSSURI  llVtl.  (\H 


Figure  9.-*  Directivity  pciLt.ern  DOlO  airframe  noise 
in  flyover  plane  compared  with  that  calculated  for 
dipoles  oriented  in  lift  and  dr;ig  directions^ 
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I'lnun.'  11.-  Schematic  diagram  of  wake-generated 

forces  on  a cylindrical  segment  in  an  alrstreiim. 
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Figure  13.-  Airfoil  edge  source  reduction, 
chord,  0.15  tn;  span,  0.5  m;  <.  = 


NACA  0012  airluil, 
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SUMMARY 

This  paper  summarizes  tlie  present  understand inp  of  lour  Important  far- 
field  rotating  blade  noise  sources  and  lilghllglits  teclinlques  for  noise  reduc- 
tion, These  four  noise  areas  Include  tlie  role  of  unsteady  blade  surface 
loads  on  rotational  noise,  the  effect  of  turbulent  Inflow  on  the  radiated 
broadband  noise  of  an  airfoil,  the  Influence  of  the  trailing  vortex  on 
Impulsive  noise  and  tall  rotor  noise,  and  the  effect  of  blade  geometry  on 
high-speed  Impulsive  noise.  These  noise  mechanisms  occur  to  varying  degrees 
on  both  helicopter  rotors  and  propellers. 

Considerable  theoretical  work  has  been  done  in  the  area  of  high-speed 
impulsive  noise  resulting  from  the  geometry  of  the  rotating  blade  system. 

Both  model  and  full-scale  experimental  correlation  of  helicopter  and  propel- 
ler high-speed  noise  are  presented.  The  effect  of  blade  number  and  airfoil 
thickness  distribution  in  reducing  the  high-speed  noise  Is  shown.  The 
ideas  presented  in  this  paper  should  be  of  special  interest  in  light  of  the 
proposed  federal  helicopter  noise  certification  rulings. 


INTRODUCTION 

In  the  V/STOL  and  short-haul  aircraft  market  of  the  future,  the  heli- 
copter and  propeller-driven  aircraft  will  comprise  a significant  part  of  the 
overall  population.  Noise  requirements  such  as  those  currently  being  pro- 
posed for  helicopters,  which  are  dictated  by  operations  into  densely  popu- 
lated or  quiet  surburban  areas,  require  that  the  designer  have  a better 
understanding  of  the  complex  noise-generating  mechanisms. 

Rotating  blade  noise  is  the  primary  noise  component  for  these  aircraft. 
For  general  aviation  propeller-driven  aircraft,  engine  exhaust  noise  could 
also  become  a dominant  noise  source.  This  paper,  however,  will  deal  with 
the  noise  problems  associated  with  helicopters.  This  type  of  aircraft  can 
have  several  significant  noise  sources.  These  sources  are  shov.ni  in  figure  1. 
Even  though  the  operating  conditions  vary  widely  for  the  v.rlous  types  of 
rotating  blade  propulsion  systems,  a generalized  noise  spectrum  represents 
tlie  radiated  noise.  This  generalized  .spectrum  is  slunai  sohemat  leal  1 v .ind 
indicates  in  figure  2 the  primary  sources  of  interest.  Tlie  first  smirce  is 
associated  with  steady  blade  loads  which  do  not  vary  as  a function  of  time 
or  azimuth  position.  These  loads  are  related  to  the  torque,  tlirust,  coning, 
and  blade  thickness.  The  second  source  is  that  due  to  tlie  incolierent  loads 
on  a blade  moving  through  the  air  and  is  referred  to  by  U’riglit  (ref.  1)  as 
"self-noise."  Tliese  latter  nonperiodic  noises  are  related  to  the  viscosity 
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affpctfl  ot  tho  ^ilr  and  arino  fri»m  nurli  plionnmt^na  an  Inflow  turbulonca,  bmmdnry 
Xnyor,  fipparntod  fiown,  and  vortnx  HluuldlnK#  Tho  nolao  ^-laioratod  by  tlm  raaady 
loada  and  tho  nuir-ntUno  ar<*  componontn  v;bU’b  arc  conaldnrrd  to  b*-  utMvr»Idabl(^ 
with  thp  opt»ration  i)f  convontinual  rotallnp,  bJarloa  and  tliur,  rjonst  1 1 ulr  tin* 
minimum  nolao  of  th<»  nyatom  (ml  . 1),  ^ third  com)*onont  of  noifa-‘  li;  tormod 

’*exceBB  nolHo*’  ancl  roHultn  i nmi  unntearly  hwidlnp,  duo  to  Intor/irtlon  with  natur/il 
atmoRphoric  turluiU^nccs  Intorartlon  with  idiod  vortlroa,  or  bJado  oporathm  In 
tho  trannonir  apood  rop.lnu  . Tlu’so  lattor  noIiu^H  p.onorally  oc’cur  at  a blado 
pasHape  froquonry  in  a ranp.o  wbirh  la  critical  to  detection  and  community 
annoyance • 

Numerous  lnvi*st  Iga  t Ions  have  establ  ialied  the  effect  and  relationships  of 
steady  loads  (ref*  2 to  A)  and  incoherent  loads  (self-noise)  (refs*  3 and  6) 
on  the  radiated  noise*  The  purpose  of  this  paper  Is  to  Identify  the  mechanisms 
and  possible  noise  control  approaches  associated  with  the  noise  resulting  from 
unsteady  loading  on  helicopter  rotor  blades* 


UNSTEADY  NOISE 


Role  of  Fluctuation  Pressure 

Fluctuating  blade  loads  can  be  categorized  broadly  as  both  periodic  and 
nonperiodic*  These  loads  may  arise  from  such  phenomena  as  blade  vibrations, 
cyclic  blade  input,  localized  shock  effects,  and  potential  field  interactions* 

3y  using  current  rotational  noise  prediction  techniques,  improved  agreement 
between  predicted  and  measured  noise  requires  a knowledge  of  these  high-frequency 
fluctuating  aerodynamic  blade  loads.  Figure  3 shows  highlights  of  tests  con- 
ducted on  the  Langley  helicopter  rotor  test  facility  (ref*  7)*  These  tests 
Included  simultaneous  measurements  of  liigh-f requency  fluctuating  surface  pres- 
sures and  far-field  radiated  noise  made  on  a full-scale  nontranslating  rotor 
system*  Spectral  characteristics  of  measured  blade  surface  pressures  were 
then  applied  to  the  existing  compact  rotational  noise  theory  and  compared  with 
measured  far-ficld  nuise.  A comparistni  of  the  calculated  and  measured  rotational 
noise  showed  that  good  agreement  was  obtained  by  using  a 40-percent  chordwise 
integration  of  the  measured  fluctuating  blade  loads  acting  at  a single  point 
on  the  blade*  Reliable  information  concerning  the  variation  of  these  fluctuating 
loads  with  flight  condition  is  still  not  available* 


Vortex  Interact  ion 

Main  rotor*-  The  effect  of  free  air  turbulence  on  the  discrete  noise  from 
rotating  blade  devices  liaving  skewed  inflovv^  is  apparently  small*  Skewed-inf low 
rotating  blade  devices  (be  1 i i.’opter  rotors  and  tilt  rott>rs)  , however,  are  affected 
by  the  rapid  pressure  fluctuations  caused  by  a shed  vortex  passing  close  to  a 
I'^fting  surface*  One  ot  the  largest  coutr  I but  ions  to  helicopter  noise,  when 
it  occurs,  results  fr<»m  the  interaction  ot  the  shed  Made  tip  \ortex  and  the 
following  blade*  This  ’’slapping”  m>ise  can  be  very  significant  from  an  amu'V- 
ance  and  detectability  standpoint.  In  figutv  A,  vapor  eomh'nsat  i on  sliows  the 
shed  vortices  lor  a hovering  ct^minercial  helicvipter.  In  torward  t light  and  at 
certain  rates  of  descent  these  vort  ires  go  throi>gli  l)ie  rotor  disk  and  interact 
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with  tho  rotor  :i\v\  ror.ult  In  r.ipld  pri^sMin*  f I nr  l »i:.i  {»-u'.  ,ui<l  iinj-iil’  iv- 

nolHp.  Flp^uro  firlionuit  Iral  I y ilto  rep, inns  •<!  hi  M»i>ptnr  Impul  ,ivr 

nuJnp  dup  to  vortoK  Inirrnrtlon  /md  li  ( pj)~spi'i*d  rilmts,  1!  i pji-!.pi*r<!  < »•<!:;  arr 

trpntpd  in  n lator  nortlnn*  Thli;  rip.m’i*  Is  a rmsins  ni  mappliu',  i 1m*  Mlpjn 
(rati*  ul  dpHi’iMU  and  alrs)Ma*dj  \du  rr  inipnlslvn  nni'.r  hi  t »ai.rs  a pinl  lriii.  II. ♦ 

bladp  nlap  lioundar''  map  has  hia*n  nsisl  ts»  <hanriiilnn  ilip.hl  path  manap,*Miinnt  tn  li 
niquPH  to  rodui'o  tormina!  aroa  nniso  Irvris  (rat,  H)  , 

Tho  lark  ot  adoipiatr  oKporlmont  a 1 arunstlr  data,  v/hirh  <an  hr  usrd  tr  isi-n 
tlfy  the*  baHir  nnlsr  morhan  1 sm:.  and  thr  radial  Inn  pailmis  n|  hrUiaipirr  liojiul* 
bIvp  notsp,  pan  In*  tr/irisl  In  a varirtv  nl  inra!  ai  r a iiirii  t d 1 1 1 I <u  1 1 h*s  ; this  laaV 
of  data  forpnl  past  Invojit  Ipaliaa;  in  utlllr.r  ‘pia  1 1 1 at  I vr  nhsnrvat  l-  us  and  1 inltn.l 
moaHUremnitB  to  judpi*  tin*  i*:<trnt  (»t  thr  hladr  slap  prnhlrm.  'l!u'  lim  ’.t  • riniann 
method  of  muaHurlnp  lm])ulsivr  nnlsr  is  tn  ^;lat^^*n  a r'Kr  nplumr  4>t  a tixrd  p(s.i- 
tlon  on  or  above  thr  pmutul  and  fly  the'  hrllrnptrr  alnup  numinui  t.rajr.tnr  Irs 
at  selected  forward^l  1 Ipht  rondltlnns.  I’ndrr  idi’al  inml  1 1 ions  , a (|uaiir  i t at  i vr 
assessment  of  thr  rharaclrr  nt  thr  nnist*  Is  p»>ssihli‘*  Ilnv.*i*vrt*<  vdirn  rnr  trim 
to  compare  I in  detail,  thr  noise  produced  by  the  saiiie  alrcra.il  undei  dil  li'innt 
flight  conditions,  or  to  develop  dii'eclivity  [patterns  *'1  the  r*ii!Iat»-d  nai:a* 
holding  all  other  pertinent  variables  constant,  ^uch  as  tllstaiHa*  tn  tin*  riicrn- 
phone,  azimuth  angle,  and  *itnbient  wind  iMl‘.*els,  the  technical  pri'hlei.s  and  sta- 
tistical uncert^i  tnt  ics  combine  to  make  t!u*  data‘-r,.i  Ihei  inp  ta^;k  virv  di  i i i iv-tilt  « 


Several  infl  igiit  techniques  fur  obtaining  inpnlsivc*  noise  nieasurerieiit  s have 
been  developed*  Tlie  inllight  acoustic  nu’a  suTS'iven  t ^.vst  em  tIlA>!S^  is  a rese.irch 
tool  designed  to  study  these  phenomena.  Typical  pressuie  time  liistorics  mea- 
sured with  IFAMS  are  sho\^ai  in  figure  0.  Hv  providing  a m i «•  arr  av  clc-a 

to  the  acoustic  source,  source  location,  near-t  leivl  '^pi  ctia'  cbatacti  i i^t  m 
and  pressure  signatures  can  be  obtained.  Ihe  data  on  the  irtt  ot  ti>nuL‘  t) 
show  a pressure  time  history  and  spectrum  from,  tne  advani_ing  sida^  r.i  ct  ».’phone , 
and  data  on  the  right  are  from  tlie  retreating  side.  Ihe  llight  conditions  at 
36  m/sec  (70  knots)  airspeed  and  183  m/min  {i^OO  it/min)  rate  of  descent.  1 ht 
advancing  side  pressure  time  liistc>ry  shows  discrete  anq>litude  spikes,  attiibutahlo 
to  main-rotor  blade  and  vortex  interaction  at  nain-rotor  blade  passav’e  iretiumcy. 
The  retreating  side  pressure  limi*  history  shaws  no  dist  ingnisbing  piossutc  pa.j- 
and  is  about  20  db  belt>w  tlie  noise  level  o\  tlie  ad\MUc  ing  side. 


Another  Inllight  measurement  techuiqvu*  utilises  a quiet,  fixed-wing  niicialt, 
instrumented  with  a mlcnqdione,  and  flown  to  maintain  a fixed  relative  posit 
with  the  test  helicopter.  Uesults  of  flight  tests  using  this  method  are  reperted 
in  reference  9.  This  technique  can  be  used  to  v'btain  tar-tii‘ld  noisi*  measurr- 
ments  without  Doppler  shilt. 


Various  attempts  ti»  nodifv  tlie  tip  vortex  an!  tluma-bv  n duci 


the  viM'tiX' 


induced  excess  noisi*  have  bi*eii  tricsl.  llu‘Si‘ 
(blade  tips)  and  active  (air  mass  in  j^’eti  on) 


with  a linear  air  im 
model  are  shown  in 
mine  whether  tla  acre 
noise.  The  lett-baiu 


in  iec t ion  sy.t en  ,i 
uta*  7.  Mu*  oh  )ec  live 
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pres^^uro  time  liist«‘rv  ai  • 


it  tempt  Inve  )‘ccn  bi  th  p,c  ^av* 
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air  is  Introduced  at  the  blade  tips  into  the  vortex  core,  the  resulting  pressure 
time  t.istory  is  obtained  as  shovm  on  the  right-hand  side.  The  interaction  peaks 
cn  the  pressure  time  history  have  been  substantially  reduced,  and  the  overall 
sound  pressure  level  has  been  reduced  approximately  5 dB(A) , 

Vail  rctor.-  In  addition  to  the  effect. of  the  vortex  of  a following  main- 
rotor  blade,  the  of  fee*-  of  the  vortex  plays  an  Important  part  in  the  noise 
generaved  by  the  tall  rotor.  A research  model  was  constructed,  and  a wind-tunnel 
investigation  was  conducted  to  determine  the  effect  that  the  shed  vortex  from 
the  main  rotor  had  on  the  noise  generated  by  the  tail  rotor.  Figure  8 shows 
a picture  of  the  model  and  some  initial  test  results.  The  model  has  the  capa- 
bility of  Independent  rotor  speed  control,  variable  thrust  on  both  rotors,  vari- 
ation cf  the  direction  of  tail-rotor  rotation,  and  placement  of  tall  rotor 
relative  to  the  main  rotor. 

Thr  spectra  shown  in  figure  8 indicate  the  effect  of  main-rotor  wake  on 
the  tail-rotor  noise  at  increaaing  airspeeds.  The  predominant  discrete  harmonics 
are  those  due  to  the  tail  rotor.  It  can  be  seen  that  the  general  overall  noise 
level  increases  with  increasing  airspeed.  As  airspeed  is  increased,  tail  rotor 
and  vortex  Interactions  occur  at  different  positions  on  the  tail-rotor  disk  and 
ti'ur  affect  di.'feient  harmonics.  In  addition,  it  was  ascertained  that  tail- 
roror  aolse  was  sensitive  to  the  location  of  the  vortex  Interaction  on  the  tail- 
roto).  ulsk,  the  direction  of  tail-rotor  rotation,  the  lateral  fin-rotor  spacing, 
and  the  thrust  direction  of  the  tail  rotor.  Tail-rotor  noise  was  found  to  be 
insensitive  to  the  main-rotor  thrust  coefficient,  longitudinal  spacing  of  tail 
rotors,  and  the  tail-rotor  ratios  of  rotational  speed  to  main-rotor  rotational 
speed.  The  results  of  this  study  offer  several  approaches  to  reduce  the  noise 
of  the  tail  rotor. 


High-Speed  Flow 

Impulsive  noise  from  helicopters  can  also  originate  from  compressibility 
phenomena.  Figure  5 schematically  indicates  that  part  of  the  flight  regime 
where  this  type  of  noise  becomes  an  increasing  problem.  Certain  techniques  can 
be  used  to  push  this  boundary  to  higher  speeds,  but  will  never  eliminate  it. 

If  the  operational  emphasis  is  on  high-speed  flight,  then  this  source  of  noise 
will  be  important  in  determining  en  route  flight  limitations. 

Th.  tv;o  main  sources  for  high-speed  noise  are  the  periodic  pressure  distrl- 
butiouc  due  to  unsteady  shock  formations  on  the  advancing  side  and  the  monopole 
noise  due  to  blade  thickness  and  planform. 

A recent  theoretical  prediction  technique  (ref.  10)  based  on  a noncompact 
acoustic  source  model  is  directly  applicable  to  high-speed  propellers  and  rotors. 
Figure  9 shows  a comparison  of  measured  and  calculated  pressure  time  histories 
of  a helicopter  flying  at  165  knots  over  a microphone.  The  advancing  tip  Mach 
number  is  0.89.  The  two  time  histories  agree  very  closely;  the  calculated  pres- 
sure signature  is  based  only  on  thickness  noise.  The  effect  of  the  tall  rotor 
can  also  be  seen  in  the  measured  pressure  time  history.  By  using  this  theory 
for  high-speed  rotating  blade  noise,  an  analytical  tool  exists  for  developing 
means  of  reducing  high-speed  rotor  noise.  An  example  of  the  use  of  the  theory 
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for  noise  reduction  la  highlighted  In  figure  10.  Pressure  signatures  were  calcu 
lated  for  three  nonlifting  rectangular  planform  blades  wltli  different  airfoil 
sections.  The  airfoil  sections  are  a biconvex  parabolic  arc,  a NACA  four-digit 
syrotnetrlcal  airfoil,  and  a supercritical  airfoil,  all  with  a 9.3~percent  thick- 
ness ratio.  The  flight  conditions  were  held  constant  for  all  three  airfoil 
cases.  From  this  figure,  it  is  obvious  that  reduced  noise  levels  have  been 
achieved  with  the  biconvex  airfoil  section.  Camber  shape  does  not  enter  into 
the  analysis  of  thickness  noise,  but  docs  govern  airfoil  lift  characteristics; 
therefore,  one  can  theoretically  obtain  suitable  aerodynamic  characteristics 
and  lower  high-speed  impulsive  noise  by  controlling  the  airfoil  thickness 
distribution. 


NOISE  CONTROL  TECHNIQUES 

There  are  several  basic  approaches  for  the  control  of  the  unsteady  load 
noise  sources.  These  techniques  can  be  categorized  into  three  major  areas: 
those  involving  detailed  design  changes  such  as  rotor  blade  tip  design,  those 
Involving  overall  configuration  changes  such  as  an  Increase  in  the  number  of 
blades,  and  those  pertaining  to  changes  in  operation  procedures.  Table  1 out- 
lines these  noise  control  approaches  for  the  four  primary  noise  sources. 


CONCLUDING  REMARKS 

It  has  been  pointed  out  that  the  general  noise  spectra  for  a number  of 
free,  rotating  blade  systems  are  the  same  and  that  the  excess  noise  is  the 
primary  contribution  to  annoyance  and  detectability.  The  excess  noise  is  made 
up  of  various  sources  of  unsteady  loads  such  as  the  ingestion  of  natural  atmo- 
spheric turbulence,  vortex  and  lifting  surface  interaction,  and  transonic  flow 
phenomena . 

The  effect  of  shed  vortex  modification  (reduced  strength,  etc.)  has  a 
significant  effect  on  reducing  the  impulsive  noise  associated  with  helicopters 
operating  in  the  terminal  area.  Lastly,  it  was  sho\<m  that  by  careful  attention 
to  blade  airfoil  and  planform,  the  high-speed  impulsive  noise  boundary  can  be 
pushed  to  higher  flight  speeds;  thus  the  helicopter  could  cruise  more 
economically. 
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Figure  1.-  Pictorial  representation  of  rotor  noise  sources. 


NOISE 

LEVEL 


f 


NOISE  DUE  TO  S1EADY  LOADS 

^ MOISL  DUE  10  UNSTEADY  LOADS 
'\  (EXCESS  NOISE) 

1 ,ll  lli\ 


NOISE 
DUE  10 
INCOME KENT 
1.0  ADS 

(SEEl  NOISE) 


FREQUENCY 


Figure  2.-  Generalized  acoustic  speclru"i  U 


rotor 


IIIGH-SI'EtU 

IHICKNESS  — 


RATi  OF 
CLIMB 


RATE  OF 
DESCENT 


NOISE  LEVEL 
, LIGHT 
■ . ■ MEDIUM 
» INTENSE 


AIRSPEED 


Figure  5.-  Regl  •'s  of  flight  where  helicopter 
impulaivt;  olse  can  be  expected. 


PRESSURE 

0 


V = 7l)kts,  R/D 
ADVANCING  BLADE  SIDE 


Vf" 


TIME 


= 600  ft  /min 

RETREATING  BLADE  SIDE 


h — 0.1  set' — »f 


I 1 

TIME 


Figure  6.-  Near-fleld  meaiiurcd  acouKtic  presaure  waveforms  on 
the  advancing  and  retreating  side  of  a helieooter  in 
descending  fltglit. 


n 


PRESSURE, 

Him 

10 

15 


iiMi 

IXI'IRIMINIAI 


II) 


-V,  ■■  ■.■ 


I IME 

I'REDICIED 


Figure  9.-*  Oompur  I Kon  oi  iiu'nuured  and  ualculatud 
sound  proKsure  signal  uro.a  Inr  hi gli-spoed 
helicopter  rt)tuis. 


Mj  = .9,  ilc  = .093,  (SYMMtlRICAL  AIRFOILS),  NO  LIFT 
V = 170  kts 


BICONVEX 


NACA  00W.3 


SUPERCRITICAL 


Figure  10. Calculated  sound  pi'essure  signatures  oi  a rotor 
showing  the  effects  of  thiee  diffeienl  all  lull  thickness 
distributions . 


r 


I 


\ 

f 

i 


X 

I 


I 

} 

I 

f 

I 

i 


J'Al-IShNiiKH  KilH':  UIMFDHT  TFCHNULUCJY  FOK 

■JlfAKDI'UKT  /UKCHAFT  ^ITUATIUNS 

I).  Wl- 1.1:1  Min  (k)um'r 
NAFA  iwm>',,U'y  Huuuarfli  Ucnitcr 

J ra  l>.  Jucubaon 
Unlvurtiity  oJ  Vlrgln:lu 


SUMMARY 

A brief  overview  is  given  of  NASA  research  In  ride  comfort  and  of  the  resul- 
tant technology.  Three  useful  relations  derived  from  the  technology  arc  presented 
together  with  five  applications  of  these  relations  to  illustrate  their  effective- 
ness in  addressing  various  ride  comfort  situations  of  passenger  transports. 


INTRODUCTION 

Passenger  ride  comfort  cun  have  a significant  influence  in  determining 
acceptance  and  use  of  various  modes  of  air  transportation.  The  definition  of 
ride  comfort  as  used  in  the  present  paper  is  expressed  as  the  impact  on  the 
passenger  of  all  aspects  of  the  vehicle  physical  environment  that  affect  his 
acceptance  of  the  ride.  The  time  has  arrived  when  some  reasonable  level  of  com- 
fort is  expected  by  the  traveling  public.  Advent  in  the  late  1950's  of  Jet 
transports,  cruising  at  high  altitude  where  the  air  is  generally  smooth,  made 
possible  levels  of  ride  comfort  in  long-haul  transportation  far  superior  to  any- 
thing previously  attainable.  Many  sxtuations  still  arise,  however,  where  ride 
comfort  can  be  adversely  affected  if  special  attention  is  not  given  in  the  design 
and/or  operations  of  the  aircraft.  (See  ref.  1.)  To  address  these  situations, 
ride  comfort  technology  is  required,  but  until  a few  years  ago,  key  portions  of 
this  technology  Involving  human  factors  was  only  poorly  understood.  At  that  time 
NASA  initiated  research  effort  directed  toward  identifying  the  various  critical 
factors  and  toward  providing  quantitative  relations  to  account  for  these  factors 
in  problem  situations. 

Aircraft  situations  which  can  lead  to  ride  comfort  problems  fall  into  three 
general  categories?  input  environments  to  the  vehicle;  aircraft  operations;  and 
aircraft  conf iguratlcns.  Four  example  problem  situations  are  listed  as  follows: 

Environments 

Wind  shears  and  gusts 
Turbulence 

Trailing-vortex  wakes 
Runway  roughness  and  waviness 


561 


Opornt lonH 

Crulnci  at  low  altitude 
Tormlnally  r.onflgurod  vehicle  monouvorn 
Kxceflfllve  rate  of  change  of  cabin  prcflBure 
Cabin  temperature  toe  warm 

CunClgurutlonu 

Unswupt  wlngB  ond/or  low  wing  loadings 
Outsize  fvsoKige/timpennago  surfaboa'  * 

Propulsion  systems  producing  nolao/vlbratlon 
Marginal  size  soutu  and  Icgroom 

Input  unvironments  which  influence  the  ride^motlon  environment  consist  of  both 
naturally  occurring  phenomena  such  as  gv8ts,,or  turbulence  and  man-generated 
phenomena  such  as  tralling-vortox  wakes  or  runway  roughness.  Incidentally*  run- 
way roughness  will  become  an  Increasingly  important  factor  with  the  advent  of 
aircraft  such  as  supersonic  transports  having  relatively  flexible  fuselages  and 
high  take-off  speeds.  Aircraft  operations  Influence  ride  environments  In  the 
form  of  motions  caused  by  maneuvers*  of  pressure  changes  caused  by  rapid  descents* 
or  of  too  high  temperature.  Finally*  aircraft  configurations  Influence  the  ride 
environment  by  size  and  shape  of  external  surfaces  which  generate  aerodynamic 
perturbing  forces;  by  onboard  equipment*  such  as  power  plant  noise  and  vibra- 
tions; and  by  passive  equipment  which  directly  Interface  the  passengers  such  as 
marginal  size  seats  with  limited  elbowroom  and  legroom. 

The  present  paper  has  two  primary  objectives  $ (1)  presentation  of  a brief 

overview  of  NASA  ride  comfort  research  effort  and  (2)  description  of  useful  rela- 
tions derived  from  the  technology  together  with  several  applications  of  these 
relations  to  illustrate  their  usefulness  in  addressing  air  transport  ride  prob- 
lems situations. 
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SYMBOLS  ■ 

acceleration 

comfort  rating  on  a 7-polnt  scale 
A-weighted  noise  level*  dB 
event  (given  ride  situation) 

2 

acceleration  of  gravity*  9.8  m/sec 
rate  of  change  in  altitude*  m/min 
scat  Icgroom*  cm 
roll  rate*  deg/sec 
satisfaction 


PArir  »o 


T tomporatupo,  C 

V Indlc/itnd  nlrnpo«d|  knof.rt 

w 06ut  width  between  .’umreatOi  cm 

Y fUght-poth  angle,  deg 

<S  Keonekeir  6 

0 pitch  angle,  dog 

standard  deviation  of  acceleration,  g units 
4>  roll  angle,  deg 

Subscripts : 

cm  compound  maneuver 

dc  descent  or  climb  maneuver 

E event 

env  environmental  (£acto?rs  other  than  maneuvers,  seating  space) 

• 

h rate  of  change  in  altitude 

1 longitudinal  direction 

man  maneuver 

max  maximum 

mot  motion 

no  noise 

po  pltchover 

rms  root~mean-square  value 

seat  seating  space 

T temperature 

t transverse  direction 

trip  total  trip 

turn  turning  maneuver 


V 


vertical  direction 


2 normal  direction  to  cabin  floor 


RESEARCH  PROGRAM 
Analysis  Method 

A schematic  of  the  analysis  method  (ref,  2)  to  assess  ride  comfort  is  lllus- 
tratea  in  figure  1.  A vehicle  forcing  function  (e.g,,  turbulence  and  manei.ers) 
is  converted  into  a ride-motion  environment  for  the  passenger  using  the  appropri- 
ate transfer  function  for  the  vehicle  system  being  analyzed.  This  environment 
together  with  other  inputs  (e,g,,  noise  and  temperature)  provides  a total  ride 
environment  from  which  a comfort  evaluation  is  obtained  using  a transfer  function 
which  represents  the  passenger.  Since  response  to  a given  ride  environment  can 
vary  widely  between  subjects,  a statistical  approach  is  employed  wherein  the 
evaluation  is  expressed  as  a mean  subjective  comfort  response.  The  calculated 
comfort  evaluation  is  then  related  by  a subjective  value  transfer  function  to  a 
satisfaction  evaluation  of  *-he  flight  in  the  context  of  the  overall  trip.  Since 
trip  satisfaction  can  also  ta  influenced  by  factors  other  than  ride  comfort 
(e.g,,  cost,  time,  schedule,  and  safety),  the  subjective  value  transfer  functions 
for  ride  comfort  are  not  independent  of  other  factors.  Thus,  the  satisfaction 
model  presented  herein  represents  satisfaction  in  the  context  of  a particular 
type  operation  (e.g.,  U.S,  commuter  operation). 


Selection  of  Research 

At  the  beginning  of  NASA  research  in  transport  aircraft  ride  quality  in  the 
early  1970' s,  the  level  of  technology  varied  substantially  for  the  several  com- 
ponents of  the  analysis  method  shown  in  figure  1.  Turbulence  environment  forcing 
functions  to  the  aircraft  had  been  measured  and  reasonably  well  quantified  in 
statistical  terms  (refs.  3 and  A)  as  a function  of  factors  such  as  altitude, 
terrain,  and  time  of  year.  Vehicle  transfer  functions  had  been  derived  (e.g., 
ref.  5)  and  for  the  larger  transport  airplanes  were  generally  well  quantified 
because  of  other  needs  (e.g.,  aircraft  dynamic  stability  and  structural  dynam- 
ics). Factors  significant  in  affecting  subjective  reaction  were  not  well  defined 
both  in  regard  to  Identification  and  to  quantification  of  their  character  and 
magnitude  (ref.  6).  The  subjective  transfer  function  was  poorly  defined  with 
prior  research  efforts  generally  limited  to  laboratory  «?tudies  of  vertical  and 
transverse  sinusoidal  motions  (e.g.,  ref.  7),  Much  of  . .u  work  had  been  directed 
toward  tolerance  and  task  performance  level  and  had  dealt  with  relatively  high 
motion  magnitudes  in  the  discomfort  regime  (these  were,  in  fact,  the  type  of  data 
that  subsequently  provided  the  basis  for  ISO  standard  ISO-2631  (ref.  8),  which 
offers  provisional  guidance  for  ride  comfort  vibration  levels).  Consequently, 
ride  comfort  evaluation  technology  was  generally  qualitative  in  character.  Sub- 
jective value  function  technology  was  limited  to  only  a few  areas  (costs  and 
trip  time),  whereas  ride  comfort  effects  were  a relatively  unknown  quantity. 

Overall  evaluation  of  the  state  of  the  art  of  ride  comfort  technology  then 
existing  (e.g.,  ref.  9)  indicated  that  Implementation  of  the  analysis  method 
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outlined  In  the  previous  section  would  require  Inputs  and  quantitative  relations 
which  could  only  be  obtained  from  additional  data  generated  by  carefully  struc- 
tured experiments. 


Experimental  Effort 

The  approach  taken  In  generating  experimental  data  appropriate  for  ride 
comfort  modeling  is  illustrated  In  figure  2.  In  this  approach,  subjective 
evaluations  of  ride  comfort  were  obtained  and  compared  with  the  measured  ride 
environment.  These  evaluations  were  obtained  for  both  fare-paying  passengers 
and  experienced  test  subjects  traveling  onboard  scheduled  air  carriers  (ref.  10) 
and  for  test  subjects  in  controlled  experiments  on  research  aircraft  (refs.  11 
and  12)  or  ground-based  simulators  (e.g.,  refs.  13  and  14).  On  air  carriers, 
test  subjects  gave  subjective  ratings  periodically  during  the  flight  plus  an 
overall  rating  for  the  total  flight,  while  simultaneously,  fare-paying  passengers 
gave  an  overall  rating  at  the  conclusion  of  the  flight.  Data  from  air  carriers 
were  particularly  useful  in  qualitatively  identifying  both  the  environmental  fac- 
tors Important  In  real-world  situations  (see  list  at  top  of  fig.  2)  and  the 
nature  and  magnitude  of  these  environmental  factors. 

Controlled  experiments  using  research  aircraft  were  carried  out  to  system- 
atically investigate  situations  of  Interest  (e.g.,  maneuvers)  which  would  not 
normally  be  experienced  in  any  significant  amount  during  air  carrier  operations. 
Controlled  experiments  using  simulators  were  carried  out  to  gain  a detailed 
vinderstandlng  of  the  influence  of  factors  or  factor  components  on  discomfort. 
Examples  (refs.  13  to  20)  Include  effects  of  single-degree-of-freedom  vibrations 
with  either  sinusoidal  or  random  frequency  content  and  of  various  degrees  of 
freedom  alone  or  in  combination;  effects  of  single  frequency  or  random  noise, 
with  and  without  vibrations;  and  effects  of  seat  transmissibillty  on  response  to 
input  vibrations  through  the  floor. 

Information  generated  by  the  various  experimental  studies  has  been  used  to 
model  (relate)  passenger  comfort  as  a function  of  various  ride  environment  inputs. 
These  models  range  in  complexity  from  simple  relations  for  single-degree-of- 
freedom  motion  inputs  (e.g.,  ref.  17)  obtained  from  simulator  data  to  complex 
relations  for  multiple-degree-of-freedom  random  inputs  obtained  by  regression 
analysis  of  flight  data  (ref.  21).  While  present  models  are  useful  as  illustrated 
later,  there  is  yet  no  fully  comprehensive  and  reliable  model  to  meet  all  situa- 
tions. As  technology  builds,  considerable  improvement  in  comfort  models  can  be 
expected. 

Those  interested  in  obtaining  a more  detailed  understanding  of  NASA  research 
and  resultant  technology  are  referred  to  the  proceedings  of  NASA-sponsored  ride 
quality  symposia  held  in  1972  and  1975  (refs.  22  and  23).  These  proceedings  also 
contain  much  valuable  information  concerning  research  outside  NASA  both  in  the 
United  States  and  in  the  United  Kingdom  plus  a description  and  critique  of 
ISO-2631  (ref.  8). 

Ride  comfort  research  presently  underway  or  envisioned  by  NASA  centers  in 
two  areas.  The  first  area  concerns  vehicle-unique  phenomena  of  unusual 
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cnvlronmenta  (euch  as  single-tone  noise  in  civil  helicopters)  which  will  peri- 
odically arise  with  advent  of  either  new  transport  vehicles  or  now  vehicle 
operations.  The  second  area  Includes  various  individual  effects  items  (see  list 
above  the  Ground-Based  Simulators  photograph  of  fig.  2)  where  detailed  informa- 
tion is  required  to  gain  a better  understanding  of  ride  comfort  phenomena  and  to 
refine  comfort-rating  models. 


USEFUL  RIDE  COMFORT  RELATIONS 

Three  ride  comfort  relations  which  are  useful  in  addressing  transport  air- 
craft problem  situations  have  been  developed  as  follows  from  NASA  research 
technology: 

(1)  Comfort  Model  Relation  — to  provide  the  subjective  transfer  function 
for  relating  ride  environment  to  ride  comfort  (see  fig,  1) 

(2)  Ride  Satisfaction  Relation  — to  provide  the  subjective  value  function 
for  relating  ride  comfort  to  trip  satisfaction  (see  fig.  1) 

(3)  Response  Integration  Relation  — to  provide  a method  for  appropriately 
weighting  and  summing  the  series  of  local  comfort  ratings  (experiences) 
of  a trip  to  obtain  an  overall  evaluation  of  comfort  and  satisfaction 

Although  the  complexity  and  content  of  the  relations  are  subject  to  individual 
judgment  and  to  the  data  base  available,  the  present  state  of  the  art  is  con- 
sidered sufficiently  advanced  to  define  each  relation  in  reasonably  meaningful 
terms. 


Comfort  Model  Relation 

From  the  several  ''omfort  rating  models  developed  during  the  course  of  the 
research  effort,  a composite  model  has  been  developed  which  is  comprised  of  the 
more  important  ride  environmental  factors  in  a relatively  simple  form.  This 
model,  shown  schematically  in  figure  3,  was  derived  from  flight  data  primarily 
of  small  to  medium  size  (15  to  60  passenger)  turboprop  airplanes  in  short-haul 
type  operations  and,  thus,  may  not  be  fully  applicable  to  other  transport  situa- 
tions. The  model  provides  a numerical  rating  of  subjective  comfort  response  C, 
where  C has  the  following  descriptors: 

1 “ Very  comfortable 

2 •»  Comfortable 

3 ■ Somewhat  comfortable 

4 “ Neutral 

5 “ Somewhat  uncomfortable 

6 ® Uncomfortable 

7 “ Very  uncomfortable 

The  model  lists  in  parallel  the  three  groupings  of  maneuver  factors,  environmen- 
tal factors  (motion,  noise,  temperature,  and  pressure),  and  seating-space 
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factors,  Inasmuch  as  data  analysis  to  date  Indicated  little  additive  or  cross- 
coupling  effects  between  these  three  groups.  Relations  for  the  maneuver- 
factors  group  are  based  on  regression  analysis  of  controlled-experlment  results 
(1920  test-subject  data  points)  carried  out  by  NASA  In-house  effort  using  the 
USAF  Total  In-Flight  Simulator  (TIPS)  research  aircraft.  (See  ref.  24.)  Rela- 
tions for  the  environmental  factors  group  and  for  the  seating-space  factors 
group  are  based  on  results  of  scheduled  air  carrier  surveys  (2976  test-subject 
data  points)  carried  out  by  the  University  of  Virginia. 

According  to  the  model,  the  mean  subjective  comfort  rating  for  a unique  ride 
event  (situation)  is  the  maximum  value  provided  by  any  of  the  three  factor  groups 
for  that  event: 

C„  ■ max(t  , C , C J) 

E V env’  man*  seat/ 

The  model  relates  the  mean  subject  comfort  to  the  factors  of  each  factor  group 
as  follows: 


Environmental  Factors  Group: 


env 


2 + C ^ + C +C»+C. 
mot  no  h 1 


where 


C ^ « 18.9a  + 12.1a 

mot  a,v  a,t 


1.62a  , + 38. 9a^  ^ 
a^v  a|t 


(a  > 1.6a 

V a,v  - a,t; 

fa  < 1.6a 

V a,v  a,t/ 


Cno  “ 0*19(dB(A)  - 85) 


C»  - 0.005(h  - 90)6^ 


^6;  " 1 for  h > 90  m/min' 
h 


■ 0 for  h < 90  m/minj 

n • 


- 0.054(T  - 20.5)6^ 


(6^  - 1 for  2 + C ^ + C „ + > 3.4) 

T mot  no  h 


2 + + CJ  < 3.4y 


Maneuver  Factors  Group: 


m 


A rs 


C 


or  C 


or  C 


or 


C (depending  on  type  maneuver) 


where 


\ 

t 

I 


turn 


- 0.293  + 0.0665 

+ 0.07 

P 

^max 

ni&x 

+ C + C*  + C_ 
no  h T 


C » 1.75  + 22. U + C + C/>  + C 
po  z , rms  no  h T 


C,  » 0.151  + 0.098 
dc 


0 


max 


- 0.118y„„^  + 0.0195V„^^  + C + C • + C„ 

' max  max  no  n x 

C » 1.A8  + 12.3a  , + 32. 8a^  ^ + 11.62a^  ^ + 0.022H  + C + Ci  + C„ 

cm  a^i  a,t  a^v  rms  no  n x 


Seating  Space  Group: 


C 


seat 


1 + 


for 


r 2 21 

(0.0077(63  - w)^  + 0.16(30  - Ji)J 
30  < w < 63  and  18  < Jl  < 30 


The  eqtiatlons  presented*  are  intended  to  provide  f irst~ordet  evaluations  of 
ride  comfort.  More  detailed  evaluations  must  await  further  advancements  in  the 
technology  to  resolve  presently  open  issues,  including  th..  importance  of  spectral 
content  for  noise  and  motion,  the  ability  of  more  complex  models  to  account  for 
Increased  variance,  and  the  validation  of  models  through  acquisition  of  test  data 
appropriate  for  establishing  model  accuracy  for  all  types  of  transports  (e.g. , 
fixed*^lng  commuter,  helicopters,  and  wide-body  jets). 


Ride  Satisfaction  Relation 

Comfort  Judgments  need  to  be  related  to  a more  value-oriented  variable  to 
provide  assessment  of  the  Influence  of  ride  comfort  on  traveler  acceptance  and 
use  of  a system.  The  value-oriented  variable  chosen  was  the  percentage  of 
passengers  satisfied  with  the  ride,  that  is,  the  fraction  of  passengers  who, 
when  querried  at  the  conclusion  of  a flight,  said  they  would  be  willing  to  take 
another  flight  at  least  without  hesitation.  Based  on  passenger  questionnaire 
data  (861  passenger  samples)  from  air  carrier  surveys,  the  satisfaction  relation 
shown  graphically  in  figure  4 was  established  (ref.  25).  This  relation  can  be 
applied  to  subjective  comfort  response  data  to  obtain  the  probability  of  satis- 
fying a given  percentage  of  the  passengers.  Implicit  in  the  output,  however, 
are  all  the  system  input  variables  to  the  subjective  value  function  as  illus- 
trated in  figure  1.  Research  to  date  has  made  no  attempt  to  separately  quantify 
the  effects  of  each  input  variable;  however,  such  quantification  is  ultimately 
needed  to  trade-off  comfort  with  other  system  components. 
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Response  Integration  Relation 

During  an  aircraft  flight,  a aeries  of  unique  ride  environment  events  is 
experienced  by  the  passengers.  While  the  mean  comfort  rating  for  each  of  these 
events  can  be  established  by  application  of  the  comfort  rating  model  described, 
the  problem  remains  conceimlng  the  manner  in  which  these  "local"  comfort  ratings 
(experiences)  can  be  integrated  to  obtain  an  overall  response  for  the  entire 
flight.  This  problem  was  addressed  by  employing  comfort  rating  data  obtained 
from  the  special  group  of  test  subjects  who  rode  scheduled  airlines.  To  a high 
degree  of  accuracy,  the  overall  comfort  ratings  of  these  subjects  were  found  to 
be  related  to  the  mean  overall  response  of  the  passengers  onboard  the  same  air- 
craft (ref.  26).  An  approximate  relationship  was  established  for  weighting  the 
series  of  local  comfort  ratings  (obtained  periodically)  of  the  test  subjects 
into  a rating  which  closely  matched  their  overall  trip  comfort  rating.  For  a 
series  of  local  ride  events  of  equal  time  duration 
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the  corresponding  weighting  factors  to  be  applied  to  the  event  comfort  rating 
can  be  expressed  as 


1^/^,  2^^^,  3^^^, 


This  relationship,  a 3/4-power  weighting  function,  is  assumed  appropriate  for 
weighting  any  series  of  local  mean  comfort  rating  experiences  into  an  expected 
total  trip  mean  reaction  of  passengers.  This  weighting  implies  that  a memory 
decay  occurs  (events  at  the  beginning  of  a flight  being  less  important  than 
events  at  the  end)  such  that  a passenger's  overall  reaction  to  the  flight  is  a 
stronger  function  of  the  latter  portions  of  the  flight  than  the  beginning.  The 
total  trip  comfort  rating  in  equation  form  is 
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TECHNOLOGY  APPLICATIONS 

The  three  ride  comfort  relations  described  in  the  previous  section  when 
integrated  into  the  analysis  method  previously  outlined  provide  the  predictive 
method  shown  in  figure  5,  This  figure  gives  inputs  to  the  aircraft  and  to  the 
comfort-rating  model  identified  to  date  as  important.  The  rating  value  provided 
by  the  comfort-rating  model  for  a given  ride  situation  is  shown  as  input  either 
to  the  ride  satisfaction  relation  for  determining  ride  event  satisfaction  or  to 
the  event  weighting/ summing  relation  for  determining  total  trip  comfort  and 
total  trip  satisfaction.  The  method  shown  in  figure  5 or  selected  portions 
thereof  can  be  used  to  address  a variety  of  transport  aircraft  problem  situations. 
Example  applications  will  be  presented  to  illustrate  various  uses  to  meet 
different  types  of  needs. 
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Evaluntlon  of  UprlgBod  SpoiJcr 

One  of  tho  simple  applications  of  the  tochnolofty  lu  In  evaluating  the  ride 
comfort  for  a given  measured  environment  within  the  aircraft.  One  nuch  applica- 
tion was  carried  out  In  evaluating  the  effects  of  uprlgged  spoilers  on  ride 
comfort  during  landing  approach.  Use  of  such  uprigged  spollurs  during  landings 
is  a promising  approach  for  reducing  the  magnitude  of  trailing  vortices  from 
large  transports  and,  thereby,  reducing  hazard  of  vortex-cauaed  upset  to  follow- 
ing aircraft  (ref.  27). 

Since  the  deployment  of  spoilers  is  known  to  worsen  tlie  ride  environment  In 
aircraft,  an  exploratory  ride  comfort  Investigation  was  carried  out  at  the  NASA 
Dryden  Flight  Research  Center  by  the  University  of  Virginia  to  evaluate  ride 
effects.  Portable  equipment  for  measuring  and  recording  the  motion  environment 
was  placed  onboard  the  Boeing  747  airplane  for  one  flight  of  simulated  land- 
ings at  high  altitude  (®s3000  m)  during  which  uprigged  spoilers  of  various 
deflections  were  deployed  (fig.  6).  The  dynamic  motion  ride  environment  was 
measured  and  typical  results  are  shown  in  the  lower  portion  of  the  figure.  These 
results  were  used  as  Inputs  to  the  Cmot  equation  of  the  comfort-rating  model  to 
provide  mean  comfort  ratings  for  various  amounts  of  spoiler  ueflection  and  for 
sideslip  at  a single  spoiler  deflection.  A scale  of  percent  passengers  satisfied, 
obtained  from  the  ride  satisfaction  relation  of  figure  4,  is  also  shown  in  fig- 
ure 6.  The  results  indicate  that  use  of  uprigged  spoilers  would  degrade  the 
number  of  passengers  satisfied  with  the  ride  by  10  to  15  percent  depending  on 
spoiler  deflection.  For  real  landings  at  much  lower  altitude,  where  a higher 
level  of  air  turbulence  can  be  expected,  use  of  uprigged  spoilers  could  possibly 
have  a somewhat  greater  adverse  effect  on  ride  comfort. 


Identification  of  Key  Factor  in  Complex  Maneuver 

A combina*-con  of  ride  environment  factors,  experienced  either  simultaneously 
or  in  close  succession,  can  result  in  an  uncomfortable  ride  without  direct  indi- 
cation of  which  factor  or  factors  contributed  most  to  discomfort.  Such  a situa- 
tion occurred  in  a research  aircraft  investigation  (ref.  24)  by  NASA  of  a curved 
decelerating  descent  typical  of  that  which  could  be  employed,  using  advanced 
navigation  aids,  for  localizer/glide-slope  capture  in  a relatively  short  dis- 
tance. A mean  comfort  rating  of  4.8  (somewhat  uncomfortable)  wan  given  by  test 
subjects  who  rode  in  the  aircraft.  Use  of  the  comfort- rating  model  was  employed 
to  identify  which  factor  or  factors  in  the  maneuver  provided  the  greatest  adverse 
influence  on  ride  rating. 

As  shown  in  figure  7,  the  approach  followed  was  to  divide  the  complex 
maneuver  into  simple  segments  which  could  be  individually  analyzed.  Generally 
each  segment  had  only  one  dominant  ride  environment  factor.  For  each  segment, 
the  maneuver  ride  input  was  quantified  and  the  comfort  rating  tor  that  input 
was  determined  by  use  of  the  maneuver  motion  component  ol  the  comfort-rating 
model.  Finally  the  comfort  rating  was  converted  to  expected  ride  satisfaction 
through  use  of  the  satisfaction  relation.  As  can  be  se<n  from  tlie  results  of 
figure  7,  the  key  segment  identified  was  that  which  involved  a 3. 2-degree-per- 
second  pltchover  of  the  aircraft  in  which  the  predicted  ridi;  rating  was  5.1  and 
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pr^dlctQd  pttBaengcr  (PAX)  Hatluf/u-tion  waf)  01  |H‘rcnnt,  Tho  negntlvc  normnl 
acceleration  experienced  in  thin  pltchnvri  wa(i  quite  uupleaoant  to  pafiBengerfu 
Deceleration  betore  pltchover>  uu(’h  ni*  w/ui  (/urifMl  out  during  the  turn,  rather 
than  after  pitchovur  waa  a wlu(*  clmit'o  niiue  It  rtducud  an  much  an  posaibie  the 
magnitude  of  the  negative  normal  acco  Ir^i  at  U>n. 


Derivation  of  Kquiromlort  ot  KnvlronmentB 

The  comfort-rating  model  and  ridt!  oat lai act  ion  relation  can  be  used  not  only 
to  evaluate  passenger  response  to  a glvc^n  input:  environment  (as  illustrated  in 
the  previous  example)  but  also  to  derive  an  upper  l>oundary  of  the  magnitude  of  a 
ride  environment  which  could  be  expected  to  provide  a given  level  of  passenger 
satisfaction*  Since  a ride  environment  cousistB  of  a combination  of  various 
environmental  components > information  on  component  combinations  Is  desirable* 

The  present  example  (fig*  8)  considers  three  environmental  components:  vertical 

random  motion,  transverse  random  motion,  and  noise.  For  many  ride  event  situa- 
tions, these  three  components  are  often  the  most  important  factors  affecting 
comfort  in  transport  aircraft* 

The  approach  used  was  to  determine  the  mean  comfort-rating  valite  (from 
fig*  4)  which  corresponded  to  the  desired  value  of  percent  passengexs  to  be 
satisfied*  The  comfort-rating  model  was  then  evaluated  to  provide  information 
for  constructing  the  graphs  shown  in  figure  8*  The  graphs  present  levels  of 
environment  combinations  consistent  with  obtaining  either  of  two  levels  of 
number  of  passengers  satisfied:  70  percent  or  90  percent*  In  applying  any  such 

information  to  an  aircraft  situation,  the  user  should  remember  that  the  levels 
of  both  the  motion  and  noise  environment  generally  are  significantly  higher  in 
the  rear  portion  of  transport  aircraft  limn  in  the  forward  cabin. 

The  approach  described  could  bo  used  to  generate  such  relations  for  any 
component  combination  of  the  comf ort^rating  model#  Such  ride  comfort  relations 
should  prove  useful  in  carrying  out  cost-benefit  trade-offs  between  alternate 
approaches  for  improving  the  ride  comfort  of  a given  aircraft  design* 


Importance  of  Wing  Loading 

Ride  comfort  technology  can  be  \isod  t provide  the  designer  direct  trade- 
off information  on  ride  comfort  elli'cts  of  varying  any  particular  aircraft 
parameter  which  affects  the  vehicle  liansier  function*  Ic  illustrate,  the 
effects  on  ride  comfort  of  varying  tlu»  v/ing  loading  of  a commuter-type  aircraft 
have  been  addressed*  (See  fig*  9*)  The  ri<h‘  situation  selected  was  that  of  a 
5670-kilogram  (12  500-pouud)  uuswcqd  wing  aircraft  cruising  in  straight  and 
level  flight  and  experiencing  the  almniqdieric  turbulence  inputs  found  at  a 
900-m  altitude  over  mountainous  terrain*  Noise,  temperature,  and  seating 
space  were  considered  to  be  satisfactory*  i’he  vertical  and  lateral  responses 
of  the  aircraft  to  the  probabiliJit  ic  d lr»t t ibution  of  atmospheric  turbulence  were 
first  calculated  for  a range  ot  wluf,  Lmding  conditions  to  provide  the  expected 
ride  environment*  The  comfoi  t-rat.ing  model  and  ride  satisfaction  relations  were 
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thtsn  used  to  convert  the  calculated  ride  environment  Into  a ride  satlafactlon 
evaluation  exproaaed  In  tcrroa  of  the  cumulative  probability  of  achieving  a 
given  percent  of  pasHongere  satisfied  with  the  ride  situation. 

The  cumulative  probability  curves  for  four  wing  loadings  are  shown  In 
figure  9.  At  both  ends  (final  few  percent)  of  the  probability  curves,  the 
satisfaction  values  and  trends  should  not  be  considered  to  bo  particularly 
accurate  because  of  limitations  In  the  comfort  data  analysis  and  modeling  (e,g,, 
linear  regression  analysis  and  linear  modeling),  Over  moot  of  the  range,  how- 
ever, and  Including  the  knee  of  each  of  the  curves,  the  probability  characterlo- 
tlcs  should  be  significant  and  reasonably  valid.  In  the  range  of  80  to  90  per- 
cent passengers  satisfied,  very  significant  improvements  are  evidenced  as  wing 
loading  la  progressively  Increased  from  972  N/m^  (about  20,3  Ib/ft^)  to  2510  N/m^ 
(54.2  Ib/ft*),  The  trends  also  Indicate  that  further  Increase  In  wing  loading 
would  not  be  overly  beneficial. 


Prediction  of  Total  Trip  Ride  Characteristics 

Full  exercise  of  the  method  presented  In  figure  5 Is  required  to  predict 
total  trip  ride  comfort  and  passenger  satisfaction.  Further  details  are  out- 
lined In  figure  10  wherein  the  trip  Is  divided  Into  equal  time  segments  of  seg- 
ment time  duration  appropriate  for  addressing  each  ride  environment  event.  For 
each  event  situation.  Inputs  to  the  aircraft  need  to  be  established.  Some  Inputs, 
such  as  turbulence,  are  random  In  nature  and  are  a function  of  altitude,  geo- 
graphic features,  and  time  of  day.  Other  events,  such  as  maneuvers,  are  more 
controlled  In  nature  but  still  can  have  random  variations.  Inputs  therefore 
need  to  be  described  In  terms  of  probabilistic  distribution  of  Intensity,  With 
these  Inputs,  the  vehicle  transfer  characteristics,  and  the  ride  relations 
described  earlier,  a Monte  Carlo  type  approach  can  be  used  to  calculate  the 
probable  ride  comfort  rating  and  passenger  satisfaction  for  each  segment  of  the 
trip.  These  results  can  then  be  weighted  through  use  of  the  memory  decay  rela- 
tion, summed  and  normalized  to  provide  values  for  the  total  trip. 

The  approach  described  above  was  used  to  calculate  the  ride  characteristics 
for  a commuter  airline  demonstration  project.  This  project,  the  Canadian 
Alrtranslt  STOL  Demonstration  Program,  was  considered  to  be  particularly  attrac- 
tive for  such  study  because  of 

(1)  Addition  of  comfortable  seats  with  generous  seating  space  to  an 
aircraft  otherwise  considered  to  have  a nonluxury  ride 

(2)  Use  of  STOL  terminal  area  operations 

(3)  Opportunity  for  comparison  with  U.S,  commuter  ride  experience 

(4)  Tailoring  of  trip  to  enhance  business  traveler  acceptance  (high 
frequency  schedule,  downtown-to-downtown  time  saving,  and  total 
trip  service  approach) 
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(5)  Trip  situation  (aircraft  configuration,  flight  oporntlona,  type 
travelers)  was  considered  to  be  sufflciontly  different  from  the 
model  development  data-base  situations  to  check  model  validity 

As  shown  at  tho  top  of  figure  ll,  ride  environment  moasurementa  and  passenger 
ratings  of  the  trip  wore  obtained  on  61  flights  of  the  DHC-6-300  aircraft 
used  by  Airtransit.  The  average  duration  of  each  flight  was  52  minutes,  Tho 
analytical  prediction  of  ride  used  26  2-mln  event  eegmente  (2  climb,  2 turn, 

20  straight  and  level  at  1050-m  altitude,  and  2 descent)  and  includea  effects 
of  temperature,  noise,  and  seating,  as  well  as  of  motions  and  maneuvers*  Take- 
off  and  landing  vide  on  the  runway  was  not  Included.  Further  description  of 
the  Airtransit  operations  and  of  the  associated  ride  comfort  study  is  given  in 
reference  28. 


Comfort  rating  results  are  presented  in  the  lower  portion  of  figure  11  in 
terms  of  cumulative  probability  of  achieving  given  values  of  comfort  based  both 
on  prediction  and  on  actual  passenger  surveys.  The  predicted  probability  of 
achieving  a given  comfort  rating  agreed  with  survey  data  for  the  higher  rating 
values  and  was  conservative  (predicted  a lesser  probability)  for  the  lower  rating 
values,  with  the  predicted  curve  displaced  toward  the  uncomfortable  direction  a 

maximum  of  0.7  rating  point.  This  degree  of  agreement  is  considered  to  be  very 
good,  ^ 


Total  trip  satisfaction  results  are  presented  in  figure  12  in  terms  of 
cumulative  probability  distribution,  based  both  on  predication  and  actual  passen- 
ger survey  responses.  Agreement  was  fair  over  the  knee  of  the  curve.  Also 
included  in  figure  12  are  calculated  results  for  the  Airtransit  situation  but 
with  two  differences  typical  of  a U.S.  commuter  operation  using  DHC-6  aircraft; 
use  of  conventional  19-passenger  seating  rather  than  11-passenger  seating,  and 
use  of  estimated  turbulence  conditions  associated  with  cruise  at  600-m  altitude 
rather  than  at  1C50  m.  The  predictions  are  in  very  good  agreement  with  passenger 
survey  data  from  a U.S,  commuter  operating  over  a trip  length  approximating  that 
of  Airtransit.  The  difference  in  both  predicted  and  survey  results  for  the  two 
operations  indicates  that  the  combination  of  different  seating  and  turbulence 
factors  does  have  a very  significant  Influence  on  passenger  satisfaction.  Com- 
parison of  the  end-point  passenger  survey  results  for  the  two  carriers  indicates 
a surprisingly  large  difference  in  probability  of  satisfying  (willing  to  take 
another  trip  having  the  same  ride)  all  passengers  on  a trip.  The  probability 
was  over  60  percent  for  the  Airtransit  situation  but  less  than  10  percent  for 
the  U.S.  commuter.  Very  likely,  the  high  fraction  (93  percent)  of  the  business- 
trip  commuters  on  the  Airtransit  flights  liked  the  special  operational  features 
Incorporated  to  enhance  business  traveler  acceptance  (see  item  (4)  mentioned 
previously)  and  they  were  not  as  adversely  influenced  by  a less  than  comfortable 
ride  as  predictions  would  indicate.  Better  predictive  treatment  of  trip  satis- 
faction  must  await  the  development  of  a good  disaggregate  demand  model  In  which 
ride  comfort  Is  Included  as  only  one  of  the  number  of  factors  (e*g.,  trip  cost, 
trip  time,  and  schedule  frequency)  believed  to  have  significant  Influence. 
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CONCLUDING  REMARKS 

A brief  overview  has  been  given  of  NASA  research  in  ride  comfort  and  of  the 
resultant  technology  together  with  reference  to  key  technical  publications « The 
research  has  resulted  in  the  collection  of  a very  substantial  amount  of  ride 
environment  and  ride  comfort  data.  Three  relational  derived  from  these  datai 
which  are  considered  particularly  useful  for  addressing  transport  aircraft  ride 
comfort  situatlonsi  have  been  described  with  sufficient  quantitative  definition 
for  practical  application.  Five  applications  of  these  relations  have  been  pre- 
sented to  Illustrate  their  effectiveness  and  limitations  in  addressing  various 
ride  problems  or  situations  in  aircraft  design  and  system  operations. 
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Figure  9.-  Effect  of  variation  of  wing  loading  on  ride 
satisfaction  of  commuter-type  transport  aircraft. 


SUBDIVIDE  TRIP 

• EQUAL  TIME  SEGMENTS 

• ADDRESS  EACH  UNIQUE 

RIDE  ENVIRONMENT 


ESTABLISH  INPUTS  TO  VEHICLE 
(PROBABILISTIC  DISTRIBUTION 
OF  INPUT  INTENSITY) 

• TURBULENCE.  CISTS.  WAKES 


RUNWAY 

ROUGHNESS 


EXERCISE  RIDE-COMFORT  RELATIONS 
• CALCUIATE  RIDE  ENVIRONMENT 
FOR  EACH  EVENT  SEGMENT 
(MONTE  CARLO  APPROACH) 


• RATE  RIDE  COMFORT  •WEIGHT 
AND  SATISFACTION  AND 

FOR  EACH  EVENT  SUM 

RESULTS 


Figure  10,-  Approach  for  total  trip  prediction  of 
ride  comfort  and  satisfaction. 


RETROSPECTIVE  STUDIES  OF  OPERATING  PROBLEMS  IN  AIR  TRANSPORT 
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' and  H.  P»  Ruf foll-Smlth 

NASA  Ames  Research  Center 


SUMMARY 


Studies  of  human  factors  in  aircraft  accidents  provide  a substantial 
yield  of  human  errors  which  contributed  to  those  accidents.  It  is  probable, 
however,  that  accidents  are  the  least  common  of  the  outcomes  which  can  follow 
a human  error  in  the  aviation  system.  An  epidemiological  model  for  the  study 
of  human  errors  in  aviation  is  presented.  In  this  approach,  retrospective 
data  are  used  as  the  basis  for  formulation  of  hypotheses  as  to  system  factors 
which  may  have  contributed  to  such  errors.  Prospective  experimental  studies 
of  aviation  operations  are  also  required  in  order  to  prove  or  disprove  the 
hypotheses,  and  to  evaluate  the  effectiveness  of  intervention  techniques 
designed  to  solve  operational  problems  in  the  aviation  system. 


INTRODUCTION 


This  paper  is  designed  to  accomplish  two  objectives.  Its  first  intent 
is  to  present  hviman  error  in  aviation  in  terms  of  an  analogy  which  may  be 
useful  in  attacking  the  problem  of  human  errors  and  their  effects  upon 
aviation  safety.  Its  second  purpose  is  to  present  a systematic  methodology 
for  the  attack  upon  this  omnipresent  problem. 


BACKGROUND 


Studies  of  aviation  safety  over  the  years  have  nearly  all  had  certain 
common  attributes.  Nearly  all  such  studies  have  focused  upon  aircraft 
accidents.  Nearly  all  have  been  essentially  descriptive,  though  the  recent 
study  by  Kowalsky  et  al.  at  the  Lovelace  Foundation  utilized  sophisticated 
analytic  techniques  in  an  attempt  to  elucidate  factors  associated  with  the 
sample  of  accidents  under  study.  Moat  of  these  studies,  like  most  accident 
Investigations,  have  had  to  rely  heavily  upon  inference  to  determine  what 
went  on  prior  to  the  accident  itself. 

There  have  been  many  studies  of  accidents  in  other  forms  of  transporta- 
tion and  in  industry.  They  have  given  rise  to  various  theories  about  the 
persons  nd  circumstances  in  which  accidents  are  especially  likely  to  occur, 
but  none,  to  our  knowledge,  has  withstood  the  test  of  time.  Is  it  possible 
that  attempts  to  improve  accident  statistics  have  not  been  more  successful 
because  attention  has  been  focused  upon  the  wrong  phenomenon,  or  upon  only 
one  facet  of  the  overall  problem? 
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since  the  introduction  of  turbojet  aircraft  into  civil  transport,  between 
60  and  70%  of  all  fatal  accidents  in  airline  transport  have  been  attributed 
in  whole  or  part  to  human  error.  The  figures  for  general  aviation  are 
substantially  higher.  The  problem  of  human  error,  then,  is  clearly  the  most 
serious  one  facing  the  aviation  industry. 


Yet  while  case  studies  of  aircraft  accidents  are  a convenient  and  highly 
productive  method  of  collecting  Instances  of  human  error  in  aviation,  it  is 
less  generally  acknowledged  that  an  accident  is  only  one  — and  the  least 
common  — of  the  outcomes  which  can  result  from  a human  error  in  the  aviation 
system.  A human  error  may  cause  a perturbation  in  the  aviation  system,  but 
under  circumstances  which  allow  time  and  space  for  recovery.  More  frequently 
still,  the  error  may  occur,  be  detected,  diagnosed  and  corrected  or  compen- 
sated for  without  a significant  perturbation  in  the  system.  There  is  an 
analog  to  this  in  clinical  medicine,  in  which  symptoms  and  sometimes  signs 
of  illness  may  occur.  They  may  progress  to  a fatal  outcome;  they  may  herald 
a significant  illness  from  which  recovery  occurs,  or  they  may  appear,  be 
compensated  for  by  the  physiological  reserves  of  the  body  and  disappear  with- 
out a significant  disturbance  of  overall  function. 


SYSTEM  DETECTION, 

ACCIDENT  PERTURBATION  CORRECTION 

IRAREI  (MORE  COMMON)  I MOST  COMMON) 


HUMAN  / 
ERROR 


FATAL  ILLNESS,  NO 

OUTCOME  THEN  RECOVERY  ILLNESS 


If  one  is  to  understand  the  problem  of  human  error,  it  would  seem 
necessary  to  examine  cases  in  which  recovery  occurred,  as  well  as  those 
which  had  a fatal  outcome.  What  factors  differentiate  these  classes  of 
errors?  Or  are  they  but  one  class  occurring  under  different  sets  of  circum- 
stances? Or  to  different  sorts  of  people  who  respond  differently? 
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PROCESS 


More  important  still  is  the  question  of  what  a human  error  is*  Is  it  a 
spontaneous  phenomenon  — an  intermittent  disorder  which  affects  people  at 
random?  Or  can  its  occurrence  be  predicted?  If  so,  by  what  criteria?  Or 
is  an  error  but  a manifestation  --  a symptom  — of  some  underlying  disorder  in 
the  human  mind  or  body?  If  so,  can  we  gain  an  insight  into  the  disease,  or 
diseases,  which  give  rise  to  these  ubiquitous  symptoms? 
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It  is  instructive  to  consider  human  error  as  a manifestation,  or  sympton, 
occurring  in  the  presence  of  a variety  of  human  conditions,  wliich  by  virtue  of 
its  occurrence  produces  at  least  a potential  perturbation  of  the  man-raaclilne 
system  of  which  the  human  is  a part.  That  perturbation  may  lead  to  any  of  a 
variety  of  outcomes.  Viewed  in  this  manner,  it  becomes  possible  to  examine 
the  human  attributes  and  attitudes  which  give  rise  to  errors.  More  impor- 
tant, it  becomes  possible  to  look  beyond  the  human  to  the  environment  in 
which  he  is  operating,  in  order  to  discern  factors  which  may  make  it  more 
likely  that  he  will  err,  or  less  likely  that  he  will  recover  given  an  error. 
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There  is  a powerful  methodological  tool  for  dealing  with  this  sort  of 
problem.  Epidemiology  is  conventionally  thought  of  as  a tool  for  dealing 
with  point-source  epidemics  of  disease,  but  it  is  much  more.  Epidemiological 
methods  have  been  used  successfully  for  over  a century  to  examine  factors  in 
the  environment  which  contribute  to  a great  variety  of  problems  which  beset 
man  and  animals;  present  concerns  under  concerted  attack  using  these  methods 
Include  the  problems  of  heart  disease,  cancer,  alcoholism  and  drug  addiction, 
among  non-lnfectious  illnesses.  Using  epidemiological  methods,  it  is  possible 
to  examine  symptoms  in  terms  of  the  diseases  which  produce  them,  and  to  study 
diseases  in  terms  of  the  factors  which  determine  their  incidence,  prevalence 
and  often  their  outcome. 


METHODOLOGY 


When  one  is  Investigating  a fatal  aircraft  accident,  It  is  often  neces- 
sary to  infer  the  behavior  which  preceded  It.  It  Is  more  difficult  still  to 
infer  with  any  accuracy  the  attitudes  or  attributes  which  may  have  determined 
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It  is  possible  to  minimize  bias  due  to  this  sort  of  reasoning  by  exam- 
ining errors  which  did  not  lead  to  fatal  accidents,  though  the  possibility 
exists  that  the  errors  are  of  different  classes,  and  therefore,  not  comparable. 
One  very  effective  way  to  do  this  is  by  direct  contact  with  the  pilots  and 
air  traffic  controllers  who  have  committed  the  errors.  While  results  with 
this  method  are  not  free  of  bias,  injected  either  by  the  reporter  or  the 
interviewer,  it  is  possible  under  the  right  circumstances  to  determine  fairly 
precisely  what  occurred,  how  it  occurred,  and  sometimes  why  it  occurred.  It 
is  usually  possible  to  gain  an  appreciation  of  the  environment  in  which  the 
error  took  place.  Sometimes,  though  by  no  means  always,  one  can  gain  an 
understanding  of  the  psychosocial  setting  and  background  of  the  occurrence. 

The  NASA  Aviation  Safety  Keportlng  System,  and  the  flight  crew  interview 
studies  which  preceded  it,  are  attempts  to  collect  a large  and  comprehensive 
sample  of  occurrences  in  the  aviation  system,  with  enough  detail  about  how 
and  why  they  happened  to  permit  reasonable  Inferences  to  be  drawn  about 
system  factors  associated  with  such  occurrences.  This  voluntary,  confiden- 
tial reporting  system  was  implemented  in  April,  1976.  The  System  is  designed 
to  collect,  analyze  and  disseminate  Information  regarding  potential  hazards 
in  the  aviation  system  so  that  appropriate  action  can  be  taken  to  correct 
problems  and  thus  prevent  aircraft  accidents.  In  its  first  six  months  of 
operation,  the  Aviation  Safety  Reporting  System  has  received  over  2900  reports 
describing  potential  threats  to  aviation  safety. 

Preliminary  analysis  of  these  reports  indicates  that  a considerable 
fraction  of  them  describe  human  errors,  often  in  great  detail.  It  has  been 
learned  that  those  who  live  and  work  in  the  aviation  system  will  discuss 
mistakes  they  have  made,  often  in  exhaustive  depth.  There  is  great  willing- 
ness to  examine  and  analyze  the  possible  reasons  for  these  mistakes.  It  is 
also  clear  that  •'trivial"  errors,  given  enough  of  them,  may  have  catastrophic 
outcomes;  study  of  accidents  suggests  that  no  type  of  human  error  in  aviation 
should  be  considered  too  trivial  for  detailed  study. 

Using  these  techniques,  it  can  be  Inferred  that  certain  problems  in  the 
aviation  environment  are  commonly  associated  with  human  errors  in  aviation 
operations.  Problems  in  the  transfer  of  information  to  those  responsible 
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for  tactical  doclolon-tiakins,  na  an  instance,  appear  in  nearly  50  percent 
of  the  human  error  incidents  examined  in  detoil  to  date.  This,  in  turn,  has 
lod  to  questions  about  the  types  of  information  which  are  necessary  for 
efficient  operations,  the  ways  in  which  such  information  can  best  be  mode 
available  to  Uioso  who  need  It,  and  the  beat  ways  to  present  it  when  it  is 
culled  for. 


But  inference  is  not  enough,  and  historical  data,  however  provocative, 
proves  only  that  an  association  exists  between  a factor  and  a manifestation. 
It  remains  to  be  proven  whether  that  factor  is  causally,  or  non-causully, 
related  to  the  phenomenon  under  study.  Especially  in  a very  complex  mon- 
machine  system  such  as  the  aviation  system,  where  nuiny  factors  arc  inter- 
dependent and  therefore  correlated,  it  is  necessary  to  take  a rigorous 
approach  toward  the  question  of  cause  and  effect,  for  manipulation  of  the 
wrong  variable  in  search  of  a solution  is  expensive  and  may  cause  more 
problems  than  it  solves.  There  is  evidence  that  this  has  occurred  in  the 
area  of  alerting  and  warning  systems, 
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orous  set  of  hypotheses  and  to  design 
experiments  with  great  care  if  one  is  to  olsciiiimioh 
be  able  to  sort  out  the  various  factors 
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which  may  have  produced  or  contributed  anaivsis  ,imihviniihn  • 

to  a particular  unwanted  effect  In  the 
aviation  system.  Even  then,  it  may  be 
difficult  to  partition  out  the  variance 
associated  with  uncontrolled  variables 
in  the  complex  environment  of  aviation 
operations.  It  has  bef'ome  clear,  however,  that  such  experiments  are  abso- 
lutely necessary,  th.-c  they  can  be  performed  in  a setting  which  has  face 
validity,  and  that  they  can  contribute  measurably  to  our  understanding  of 
the  root  causes  of  human  errors  in  the  aviation  system.  The  report  which 
follows  (ref.  1)  describes  a first  effort  to  examine  the  question  of  infor- 
mation transfer  in  the  airline  cockpit.  It  illustrates  the  concepts,  tech- 
niques, and  some  of  the  problems  involved  in  such  epidemiological  research. 


RESUMi 


To  summarize,  then:  several 

assumptions  have  been  made  in  order 
to  try  to  understand  more  clearly 
tlio  problem  of  human  error  in  avia- 
tion operations.  It  has  been  assumed, 
first,  that  errors  do  not  "just  hap- 
pen." They  are  rather  manifestations 
ol  the  Imman  condition,  attitude  or 
mental  set  at  a particular  time.  That 
condition  Is  In  turn  the  result  of  a 
considerable  number  of  Intirnal  and 
external,  or  environmental,  factors. 
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It  hHfi  been  asHumed  further  that  the  bc*.Ht,  nlboit  ;m  Jtiip«trffct , liuinue 
of  information  about  tho  factorn  contributing  to  human  error  iu  Die  \<vruox\ 
who  committed  the  error.  Wo  are  aware  that  the.  reporter  may  hlai.  hlj;  report, 
but  we  know  of  no  more  authentic  nource. 

We  have,  annumed  that  perHonn  in  the  aviation  liyatem  who  voluaieci 
information  in  clrcumutancen  which  do  not  Involve  pernonal  rlr.b  do  t,o  tor 
fundamentaUy  ultrulatlc  motlveu.  They  will  therefore  attempt  to  he  truthful 
In  their  reporting.  We  are  concerned  about  ccirtalu  laceta  of  the  Avialloii 
Safety  Roporting  System  which  require  reporting  an  a preretpilalie  to  avoid- 
ance of  disciplinary  action,  for  we  have  been  unable  thua  lar  to  evaluate 
possible  bias  due  to  this  factor.  We  hope  in  the  near  fuiuri'  to  eoudue.t  a 
study  which  may  shed  some  light  on  tlris  problem. 

We  have  assumed  that  the  population  of  errors  from  which  our  sample  is 
drawn  contains  also  the  errors  which  under  specific  circumstances  can  lead 
to  aircraft  accidents.  Wlille  there  is  suggestive  cvlduuce  that  this  assump- 
tion is  justified,  there  may  be  specific  types  of  errors  which  v;e  are  not 
sampling  and  our  conclusions  may  be  biased  by  the  nonrepresentat tveixess  of 
the  population  and,  therefore,  of  our  sample.  The  study  to  which  wo  referred 
will  examine  this  question  as  well. 

Finally,  we  have  assumed  that  the  concepts  and  methods  oi  classical 
epidemiology  are  appropriate  tools  for  this  research.  We  have  assumed  that 
if  we  choose  appropriate  hypotheses  to  explain  the  phenomena  v;e  are 
examining  and  inject  the  appropriate  factors  in  a valid  simulated  operational 
setting,  we  shall  be  able  to  observe  the  phenomena  of  interest.  In  at  least 
one  experiment  thus  far,  this  appears  to  have  been  true.  If  we  can  now 
design  an  appropriate  and  specific  intervention  technique  to  neutralize  the 
hypothesized  effect  of  these  factors,  repeat  the  experiment  and  observe  a 
change  in  the  effect,  we  believe  we  shall  have  reasonably  firm  evidence  that 
the  factor  causes  the  effect,  together  with  some  d.ita  regarding  ways  of 
mitigating  the  effect  '•'i  aviation  operations. 

This  is  the  task  we  have  set  ourselves;  to  attempt,  by  understanding 
the  factors  which  cause  human  errors,  to  remove  or  ameliorate  the  unwanted 
effects  of  those  factors  and  thus,  hopefully,  to  make  it  less  likely  that 
serious  errors  will  be  committed.  We  also  believe  that  an  understanding  of 
the  causes  of  human  error  can  enable  us  to  design  better  and  more  rational 
methods  of  coping  with  the  errors  when  they  do  occur,  in  order  to  improve  the 
likelihood  of  a uniformly  successful  outcome.  There  are  many  potential 
points  of  attack  upon  a disease  once  the  genesis  and  course  ol  that  disea.se 
are  understood.  Without  such  understanding,  it  is  nearly  impossiblo  to 
provide  more  than  symptomatic  relief  from  its  effects. 
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HUMNAHY 


An  i>X|HT Itiu'nwal  uvaluntlun  ol  tlic  iiiun  I luti'd  .'ipproarli  priu'cilm  i'  im  i nn 
duotliiR  low  vlH'lblHty  Inuti-umi'iil:  npproaclicn  la  iloiict  I lied . Foiif  ali'lur  i ii  vai 
oadi  flow  1(»  appi’oadioH  imlnp,  tiio  iiiotvl  torod  pvoi'cdiiro  and  l(i  ualnp,  a mud  1 1 ltd 
"Htandard"  proroduro  In  a IKI-IO  Hlmulator  undiT  varloun  comHt  l(iii!i  lO  "I, '.Hill 
tty,  wind  Hlionr  and  turbiFlonro,  and  radar  vector  Inc.  Hcon.'ir  Ion , 

tn  tonmi  of  Hyntoni  moamiroH  of  aircrew  pi'rformanco,  no  malor  d I n erenci'!! 
wore  found.  Pilot  opinion  data  Indicate  that  there  are  Home  denhahle  eh.ir.ie 
torlHttcH  of  the  monitored  procedure,  particularly  with  relerence  lo  tin' 
incrcnaod  ro.lu  of  the  flight  engineer  in  conductlnc,  low  vlKlblllty  a|ipro.icln  ";. 
Rationale  for  developing  approach  procodurea  la  dlacuaaed. 


TNTUOmiCTlON 


The  research  described  In  thl.a  paper  grew  out  of  some  of  the  ctniccrn;. 
expressed  by  airline  pilots  during  the  preliminary  pilot  Interview  stud  lea 
mentioned  In  the  previous  paper  (ref.  1).  Specifically,  many  pilots  felt 
that  the  approach  procedures  they  were  trsing  were  less  than  optimal  willi 
regard  to  two  major  items:  (a)  the  Integration  of  all  three  eockiilt  crew- 

members into  the  approach  procedure;  and  (b)  the  callouts  roqulred  of  i he 
various  crewmembers  during  an  approach. 

The  critical  demands  placed  upon  pilots  during  the  last  one  or  two  hundred 
feet  of  an  approach  are  well  known.  Many  accidents  have  occurred  during  tills 
critical  phase  of  flight,  and  in  many  of  these  It  appears  that  one  of  thi^  m.iior 
contributing  factors  was  the  inadequate  or  inappropriate  design  .'f  ap|no;ieh 
procedures,  Including  crew  Integration  and  callouts.  Tn  many  ca:?es  siirflcient 
information  to  prevent  the  impending  disaster  was  present  within  the  cocki'll, 
yet  the  crew  failed  to  utilise  this  information.  Once  the  flying  pilot  has 
changed  to  flight  by  visual  reference,  deviations  from  the  desired  rUght  p.ii  li 
might  not  be  readily  discernible  from  outside  visual  cues.  Tbese  dcvl.il  iuir. 
will,  however,  invariably  show  up  on  the  coekpit  Instnimeui  at  Inn : In.  i e.i;;ed 
sink  rate,  deviations  below  glide  slope,  or  low  airspeed  all  so-caM.'.l 
killer  ltem.s  — will  be  displayed  Inside  tlie  cockpit.  Tt  Is  iiecess.irN  lli.it  this 
information  be  transferred  to  the  flying,  pilot  If  an  ;ieeldi-nl  is  to  hu 
prevented. 

There  are  two  ways  of  performing  thl.s  t/iskt  (a)  the  physiiil  .nv  i ■ in'iii.  ni 
can  bo  modified,  making  the  information  available  In  the  pilot's  vicuii  li.  M 
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vin  tiu>  UMO  nl  VMil  or  n Uond-llp  tllH|).lay,  fur  (>xamp1o;  or,  (b)  tbo  opuratr-onaX 
t'liv  1 ronnic’iit  ran  I'c  modi flod  Ijy  uHlnp,  aufolaiid  or  by  tl)o  adoption  of  now  call"’ 
(jutH  and  monitor  I np,  proooduroH. 

Plguro  1 Il  hiiitratoH  tin*  rolat  lormb  Ip  bulwcon  tln>  proaont  exporJinont  and 
tno  fi)ldc’mI<jlu}>loal  raodol  donerlbod  In  tlu*  provlouH  paper  by  lUlllngn  et  aX. 
(rof.  1).  Tlu'  primary  lntor(>Ht  wan  in  tln>  t'ffoi't.n  of  manipulation  of  tho 
operational  e.nvl  ronnunit; , np(>e  I f I ea  I ly  low  vlnlbllity  approae.b  procedures,  upon 
aircrew  and  aircraft  performance. 

Although  appr(>acli  procedur<(H  used  by  airlines  vary  widely,  It  Is  possible 
to  discern  two  basU'  i^hilosopbles  which  have  been  used  to  structure  these  pro- 
cedures. One  of  these,  the  standard  procedure,  is  basically  this:  one  pilot 

is  responsible  for  flying  the  approach  and  landing,  or  missed  approach  if  that 
should  be  necessary,  and  the  other  crewmembers  are  assigned  monitoring  and 
callout  duties.  The  decision  to  land  or  to  go  around  is  made  by  the  flying 
pilot  on  the  basis  of  his  assessment  of  the  visual  situation  following  the 
transition  from  heads-down  flying.  Variations  of  this  basic  procedure  are 
used  by  virtually  all  U.S.  air  carriers. 

One  alternative  to  the  standard  procedure  is  one  called  the  monitored 
approach  by  several  of  the  foreign  carriers  who  have  developed  these  tech- 
niques, Basically,  using  this  procedure,  one  pilot,  usually  the  copilot,  is 
i-esponslble  for  flying  the  heads-down  portion  of  the  approach;  the  other 
pilot  is  responsible  for  monitoring  this  portion  o/  the  approach  and  is  the 
individual  who  decides  whether  the  outside  visual  cues  are  sufficient  for  the 
landing.  If  they  are,  this  pilot,  who  is  usually  the  captain,  takes  physical 
control  of  the  aircraft  and  proceeds  with  the  landing.  At  the  transition, 
the  copilot  assumes  responsibility  for  monitoring  the  remainder  of  the  approach 
and  landing,  remaining  head  down  until  si>metime  during  the  landing  roll. 

Intuitively,  this  monitored  approach  procedure  has  some  appealing  fea- 
tures, particularly  In  the  way  the  transition  from  Instrument  reference  to 
visual  reference  flight  Is  made.  The  eaptain  Is  given  sufficient  time  to 
assess  the  vlsu;il  situation  and  reach  a decision  and  can  do  so  without  the 
additional  burdcui  of  flying  the  aircraft.  Furthermore,  more  emphasis  is  placed 
upon  continuous  monitoring  of  the  critical  final  portion  of  the  approach  and 
landing.  However,  there  are  also  some  characteristics  of  this  procedure  which 
appear  to  be  less  desirable,  particularly  those  having  to  do  with  the  physical 
transfer  of  aircraft  control  at  very  low  altitudes. 

In  attempting  to  resolve  these  and  other  issues,  It  soon  became  apparent 
that  there  Is  little.  If  any,  objective  data  pertaining  to  the  relative  effec- 
tiveness of  these  two  basic  philosophies  for  conducting  low  visibility 
approaches.  On  the  basts  of  the  accumulated  operational  experience  of  those 
carriers  who  have  used  the  monitored  procedure,  it  can  he  concluded  that  the 
Idea  has  considerable,  merit.  However,  because  of  the  fundamental  importance 
of  approach  ))rnee (hires  for  the  safety  of  aircraft  operations,  decisions  to 
utilize  this  approach,  or  any  other  for  that  matter,  should  he  based  on  more 


rigurouH,  ubjoctivc'  pprfonmmcf  daln  nbi/ilnutl  from  Iliu*  pi  hits  npt*ral.  1 nj'.  muha* 
a wide  variety  of  rrvi'l  lHt  Ir  (mmuI  1 1 lonn. 

In  aianmaryi  the  objective  of  the  ex)ier I ment  wan  to  coKipan*  aheraft 

and  aircrew  perh>rinnnce  during  low  vintblUty  a)»))n>a<‘l)eH  uninp,  Mltlier  tl)r 
standard  or  the  monitored  approach  procedure*  A necondary  ol)JectIvi*  wais  to 
develop  full  miHoion  Hhimlatlon  reHearch  technlq\ieH  for  une  hi  otlu*r  reneandi* 


MHTIIOl) 


Dovolopnient  of  Approach  broceduren 

Because  the  carrier  wIk^  part  1 cipatt*d  In  the  Htudy  used  a variant  of  the 
standard  procedure,  It  was  necessary  to  develop  a modified  standard  procedure 
in  order  to  control  for  the  possible  effects  of  crew  familiarity  wltli  tlu‘ 
standard  procedure*  To  accomplisli  this,  the  approach  procedures  and  ealhuits 
used  by  another  U*S*  carrier  were  used*  This  set  of  pn^cedures  was  suffi*- 
ciently  different  from  those  used  by  the  participating  carrier,  that  the 
likelihood  that  familiarity  influenced  the  results  of  this  study  Is  minimal* 
This  set  of  procedures  is  summari^:ed  in  figure  2* 

Two  major  criteria  were  used  during  the  development  of  the  monitored 
procedure  which  was  used  in  this  experiment*  (a)  the  flight  engineer  should 
be  fully  and  completely  integrated  into  the  approach  procedure;  and, 

(b)  there  should  always  be  a clear*-cut  division  of  responsibilities  — 
pilot  flying,  primary  monitor,  and  backup  monitor  — as  shown  in  figure  3* 

In  other  words,  at  any  given  point  during  an  approach,  each  crewmember 
should  be  assigned  one  of  these  three  functions,  and  whenever  tliere  is  a 
change  in  one  crewmember’s  function,  there  should  be  a corresponding,  com-* 
pensatory  change  in  another  crevrmiember ’ s function*  Thus,  for  example,  when 
the  flight  engineer  calls  out,  "Approaching  mlnlmums,"  the  captain  verbal Iv 
acknowledges  this  callout  and  changes  to  outside  visual  reference.  Simul- 
taneously, the  flight  engineer  assumes  the  primary  monitoring  duttes  inside 
the  cockpit,  and  the  first  officer  continues  to  function  as  the  flying  pilot. 
Wlien  the  captain  announces,  "Land,"  the  first  officer  now  assumes  primary 
monitor  duties,  the  flight  engineer  resumes  his  role  of  hack-up  monitor*  and 
of  course,  the  captain  becomes  the  pilot  flying. 

Callouts  were  constructed  with  regard  to  the  three  major  !' unctions  x>?]iich 
callouts  can  perfonn:  (a)  they  serve  to  transmit  information  about  tlie  state 

of  the  aircraft;  (b)  they  serve  to  check  for  subtle  pilot  incapae i 1 at  i (Ui  if 
a pilot  misses  a callout,  or  falls  to  acknowledge  one,  the  oilier  pi  Inis  sIumiIi! 
check  to  make  sure  the  cpiiet  one  Is  still  witli  tliem;  and  finallv,  (c)  cal  Units 
can  be  used  to  help  enforce  heads-down  discipline*  If  we  want  to  maximi/.i’  tlie 
probability  that  a pilot  will  nniiain  on  the  Instruments  during  the  lust  stap.es 
of  an  approach,  we  c;in  assign  him  speeiiit'  callout  duties  diirinp,  tlial  pi’rin<i 
of  time* 
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MiHiU’cl  nppronelic'H  wero  mitoiiiMtlc;  If  tlie  cfiptnin  had  not  taken  control  of 
the  ;i  I reran,  wlii'ii  It  reached  the  mJHHcd  approach  point,  the  first  officer 
hill  laled  tlua  mlsHed  approach  procedure,  and  the  captain  came  back  inside,  tlie 
ioc|<pll  lo  ref-mme  the  role  of  primary  monitor.  If  It  became  necessary  to  p,o 
around  alter  the  captain  had  decided  to  land,  the  captain  called  out,  "Missed 
ap|>roach,"  and  the  first  officer  resumed  control  of  the  aircraft  and  announced, 
"I  have  the  airplane."  This  procedure  was  chosen  because  it  was  reasoned  that 
tlu>  first  officer,  belnp,  continuously  heads  down,  was  In  the  best  position  to 
asiiuine  rapid  and  precise  control  of  the  aircraft. 

l''Jj>ore  4 shows  the  work  sheet  which  was  provided  to  the  flight  engineer 
when  using  the  monitored  procedure,  before  each  approach  was  begun,  the 
flight  I’UgIneer  was  given  an  approach  plate  by  the  pilot  so  that  he  could 
detcumine  the  Information  shown  on  the  worksheet.  This  information  was  used 
subsequently  by  the  flight  engineer  for  cross  checking  and  for  callouts.  In 
addition,  the  flight  engineer  was  assigned  very  specific  mo.iitoring  duties  and 
guldellni'S  for  calling  out  deviations  from  the  desired  flight  profile. 


Subjects 

Because  the  study  involved  training  airline  pilot  subjects  on  the  use  of 
an  approach  procedure  which  was  not  the  approved  procedure  used  by  their 
company,  training  pilots,  rather  than  line  pilots,  were  used  for  this  experi- 
ment. It  was  felt  unwise  to  risk  the  possibility  of  training  someone  to  the 
point  where,  if  he  were  by  chance  to  fly  an  actual  low  visibility  approach 
shortly  after  his  participation  in  this  study,  he  might  revert  to  the  experi- 
mental procedures  rather  than  use  the  approved  procedure. 

Right  current  instructor  pilots  and  four  current  flight  engineer  instruc- 
tors served  as  subjects  for  this  experiment.  These  instructors  were  assigned 
to  one  of  four  crews.  The  flight  experience  of  each  of  the  subject  pilots  is 
summarized  in  table  I. 


Simulation  Facilities 

The  simulator  used  for  this  experiment  was  a DC-10  simulator  equipped 
with  a six-degree-of-freedom  motion  platform  and  a TV,  model-terrain- 
board  visual  system.  Modifications  were  made  to  the  simulation  software  to 
allow  control  of  the  experimental  conditions  from  the  Instructor’s  CRT  display 
and  control  panel  located  in  the  cockpit,  and  to  allow  real-time  recording  of 
simuJator  data  on  digital  magnetic  tape.  Additionally,  provisions  were  made 
for  recording  communications,  cockpit  voice,  and  observer  comments.  Experi- 
mental sessions,  each  four  hours  long,  were  Intef  ted  Into  the  normal  simu- 
lator training  schedule. 


Simulator  Scenarios  and  Experimental  Design 

Since  one  of  the  primary  areas  of  concern  with  the  monitored  procedure 
ccMitors  around  the  question  of  transfer  of  control  of  the  aircraft  at  low 
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aitUudi'H,  only  liaiul-l  U'wn  approaeliuK  were-  uhchI.  Autopi  lot  uko  nnd  Uh 
liituract  Ion  wi  th  a|iproadi  proc'diiroH  Is  a separate  qucHtlon  which  was  not 
.uidrcHscd  In  thin  study. 


I’oHsIh  li'  Interact  tons  bctwc'cn  the  kind  of  approach  and  the  approach  pro- 
ccduri'H  wore  also  oT  Interest.  Therelore  both  non-dlrectlonai  beacon  (NDB) 
and  Instrument  Jandinp,  system  (II.S)  approaches  were  flown.  Ail  *S  approaches 
were  flown  uslnp  the  Kl  l}'.ht  Oirector  and  manual  throttles.  AH  Ni.  approaches 
weri'  flown  usinp,  raw  data  only. 


Each  crew  flew  a total  of  32  approaches  during  the  data  collection  phase 
of  the  expe.r i ntont , sixteen  usin}'  tlu?  monitored  approach  procedure,  and  sixteen 
using  the  standard  procedure. 

Since  one  of  the  characteristics  of  a good  set  of  approach  procedures  Is 
to  better  enable  crews  to  cope  with  difficult  operational  situations,  the 
effects  of  a variable  called  "Stress  and  Workload"  on  crew  performance  were 
evaluated.  To  accomplish  this,  radar  vectoring  techniques,  wind  shear,  and 

were  used  to  generate  high  and  low  stress  and  workload  conditions. 

The  low  workload  condition  involved  no  turbulence,  no  wind  shear,  a five-knot 
crosswind  from  either  the  right  or  left,  and  radar  vectoring  service  that  was 
nearly  ideal  - timely,  accurate,  and  such  that  the  aircraft  would  intercept 
the  final  approach  course  well  outside  the  final  approach  fix  at  the  proper 
altitude  and  airspeed.  In  contrast,  the  high  workload  condition  involved  a 
forty-knot  head  or  tail  wind  which  sheared  to  a direct  crosswind  of  ten  knots 
by  61  m (200  ft)  above  ground  level  (ACL),  some  turbulence,  and  radar  vector- 
ing of  the  kind  too  often  encountered  in  the  real  world  — late  descent  clear- 
ances, late  turn-ons,  and  delayed  speed  reductions.  These  vectoring  scenarios 
were  chosen  such  that,  if  flown  precisely,  the  aircraft  would  intercept  the 
glide  slope  and  final  approach  course  right  at  the  final  approach  fix  (FAF) 
for  the  ILS  approaches,  and  1.6  km  (1  mi)  outside  the  final  approach  fix  for  the 
NDB  approaches.  These  were  difficult  scenarios  to  fly,  and  they  were  chosen 
deliberately  because  instructor  pilots  are  extremely  proficient  simulator 
pilots  and  it  was  necessary  to  ensure  that  there  was  ample  opportunity  for 
deviations  from  profile  to  develop. 

Each  approach  (as  shown  in  fig.  5)  was  begun  from  identical  conditions: 
downwind  heading,  l.V*2  ra  (5000  ft)  AGL,  250  knots,  and  with  the  aircraft  in  a 
clean  configuration  from  a position  16  km  (10  mi)  abeam  (either  right  or  left) 
of  the  final  approaco  fix.  After  a prolimlnary  briefing  during  which  the 
approach  location  and  type  were  specified,  the  simulator  was  released,  and 
the  Experiment  Controller,  a qualified  DC— 10  instructor  pilot  who  worked  with 
us  for  the  dui'at  Ion  of  the  study,  proceeded  to  give  radar  vectors  according 
to  the  presclectc'd  scenario.  .Standard  company  operating  procedures.  Including 
clu'cklists,  were.  usi*d  lor  all  approaches. 


An  appri)ach  was  terminated  during  the  landing  rollout,  or  upon  ’-caching 
150  m (500  ft)  ACl.  dtiring  the  missed  appri.iach.  For  half  of  the  a’proaches, 
the  simulated  visibility  was  set  to  zero  (below  mlninmms).  Fo’  tlio  remaining 
half,  the  visibility  was  sel  at  the  appropriate  minlmums  to’-  the  approach 
type,  Daylight  conditions  were  simulated  in  all  cl rcumst._irices. 
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Two  crewa  flew  the  monitored  approach  procedurea  flrat,  fol lowed  hy  the 
atandard  procedure.  The  order  waa  reveraed  for  the  remalnlnf'  two  erewa. 

Data  collection  waa  proceeded  by  a 2-hr  Rround  school  session  durlni', 
which  two  crews  were  briefed  regarding  the  approach  procedures  they  were  about 
to  fly.  Following  ground  school,  the  pilots  wore  given  a 1-hr.  15-mln  simu- 
lator training  session  during  which  4 ILS  and  4 NDB  approaehea  were  flown 
utilizing  the  appropriate  set  of  procedures.  The  entire  sequence  of  ground 
school,  simulator  training,  and  data  collection  was  repeated  for  th<^  alt(!rnate 
set  of  approach  procedures.  Upon  completion  of  the  last  data  collection  run, 
an  extensive  debriefing  session  was  held  during  which  comments,  observations, 
and  suggestions  of  the  pilots  were  soi\'ht. 


RESULTS 


For  the  purposes  of  analyzing  the  tracking  data  recorded  during  this 
study,  each  approach  is  arbitrarily  divided  into  two  segments.  The  initial 
approach  segment  is  that  portion  of  the  approach  between  the  Final  Approach 
Fix  and  a point  10  sec  prior  to  reaching  the  missed  approach  point.  The 
remainder  of  an  approach  to  a landing  Is  termed  the  final  approach  segment. 
Landings  and  missed  approaches  were  analyzed  separately  from  the  Initial 
approach  data.  This  division  was  necessary  to  enable  the  analysis  to  focus 
clearly  upon  the  critical  last  100  m of  an  approach.  For  all  practical  pur- 
poses, there  is  little  difference  between  the  two  kinds  of  approach  procedures 

prior  to  the  missed  approach  point.  It  is  at  the  point  where  the  control  of 

the  aircraft  is  transferred  from  one  pilot  to  the  other  that  major  differences 

would  be  most  likely  to  appear.  ILS  and  NDB  approaches  were  analyzed  sepa- 
rately. 


Initial  Approach  Segment 

Tracking  data  were  transformed  into  rms  lateral  error,  rms  glide-slope 
error,  and  airspeed  variability  measures,  and  were  subjected  to  an  Analysis 
of  Variance.  As  expected,  the  stress  and  workload  variable  did  significantly 
affect  airspeed,  localizer  and  glide-slope  tracking  for  the  ILS  approaches, 
and  lateral  course  error  and  airspeed  control  for  the  NDB  approaciu*s.  No 
other  factor,  including  the  set  of  approach  procedures  used,  produced  any 
significant  differences  in  aircraft  performance. 


Final  Segment 

One  measure,  lateral  error  during  NDB  approaches,  was  slgnlflcanMy  dif- 
ferent as  a function  of  approa  h procedure  - lateral  tracking  was  more  varlahU 
using  the  monitored  procedure.  This  was  one  of  only  two  instances  v<?here  the 
approach  procedure  variable  resulted  In  a significant  difference  in  perf.umanc'. 
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LantUnpK  wi^ra  analyzed  ualnp  lateral  and  longitudinal  error  and  alnK  rate 
at  touchdovm  aa  ratmourea  of  landlnp,  performance , There  were  no  alpnlf leant 
dlfferoncofl  obaerved  for  any  landing  meaaureH. 


Miased  Approach  Data 

Mlaaod  approach  performiince  was  evaluated  using  peak  deviation  below 
MDA/DU  (where  MDA  la  minimum  descent  altitude  and  DH  is  decision  height),  and 
the  square  of  peak  deviation  to  give  emphasis  to  the  larger  and  presumably  more 
dangerous  deviations.  In  addition,  the  time  integral  of  total  flight  path  below 
MDA/DH  was  analyzed.  The  average  peak  deviation  below  MDA  for  NDB  approaches 
was  significantly  larger  using  the  monitored  approach  procedure.  No  other 
significant  differences  were  observed. 

Debriefing  Interview  Results 

Pilot  reaction  during  the  training  sessions  to  the  monitored  procedure 
was  largely  negative,  and  virtually  all  subjects  expressed  concern  about  the 
transfer  of  control  of  the  aircraft.  These  negative  attitudes  were  modified 
after  the  subjects  had  experience  with  the  experimental  set  of  procedures; 
however,  it  is  still  necessary  to  characterize  the  prevailing  attitude  as 
"concerned."  Most  pilots,  however,  did  concede  that  there  were  some  positive 
benefits  to  using  the  experimental  procedure,  particularly  in  reference  to 
the  Increased  monitoring  discipline  achieved  with  this  procedure. 

There  was  universal  acclaim  from  the  subjects  for  the  increased  emphasis 
on  involving  the  flight  engineer  in  the  approach.  It  was  the  concensus  that 
this  one  aspect  of  the  experimental  procedure  was  by  far  the  most  Important 
and  valuable. 


DISCUSSION  AND  CONCLUSIONS 


In  some  ways  the  lack  of  major  significant  difference  between  the  two 
procedures  was  a disappointing  outcome.  However,  in  retrospect,  there  are 
some  encouraging  aspects  as  well. 

First,  with  respect  to  the  question  of  the  superiority  of  one  set  of  pro- 
cedures over  another,  it  is  necessary  to  conclude  on  the  basis  of  results 
obtained  here,  that  crews  can  perform  equally  well  using  either  set  of  proce- 
dures. There  Is  no  clear-cut  reason  to  select  one  set  of  procedures  over 
another  on  the  basis  of  system  performance  measures  used  In  tliis  experiment. 
Put  another  way,  the  choice  of  which  of  the  basic  approach  procedures  to  be 
used  should  be  based  upon  other  factors.  Particularly  important  here  is  the 
accumulated  experience  of  a company  wltli  one  set  of  procedures;  the  difficul- 
ties encountered  In  changing  from  one  set  of  procedures  to  anotlier  may  far 
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outwolf»h  the  potential  ndvnntaRo.s  obtained  by  adoptlnp,  an  alternate  aet  of 
procedures , 

Another  conclusion  la  that  reRardless  of  which  basic  approach  procedure 
Is  used,  It  Is  Important  that  the  fllRlit  enRlneer  be  fully  IntCRrated  Into  the 
approach.  The  callouts  and  monitor Inp,  duties  which  were  asslp.ned  the  fllp.ht 
onRlneer  are  larpely  independent  of  the  approach  procedure  adopted.  AltliouRh 
not  directly  supported  by  the  tracking  data  obtained  In  this  study,  there  Is 
little  doubt  that  this  Is  the  most  Important  single  consideration  In  tlie 
development  of  low  visibility  approach  procedures. 

And  finally,  we  can  conclude  that  simulator  evaluations  of  approach  proce- 
dures are  feasible. 

In  summary,  this  first  experiment  was  a preliminary  attempt  to  assess  the 
effects  of  selected  operational  factors  on  pilot  performance,  in  this  case 
with  largely  negative  results.  In  a second  study,  the  experience  accumulated 
during  this  first  study  was  used  to  refine  procedures  and  techniques  in  an 
attempt  to  understand  how  certain  perturbations  in  the  operational  environment 
can  affect  aircrew  behavior.  The  preliminary  results  are  highly  encouraging, 
and  it  is  intended  to  pursue  the  leads  generated  by  those  data  in  an  attempt 
to  see  if  techniques  can  be  developed  which  will  help  airline  pilots  to  cope 
with  such  disturbances. 
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TABLE  I,-  PILOT  DATA 


CREW 

SUBJECT 

TOTAL  TIME 

DC-10 

1 

9090  hr 

600  hrs 

A 

2 

14000 

400 

3 

1500 

400 

4 

14000 

400 

B 

5 

13000 

400 

6 

6000 

700 

7 

9000 

600 

C 

8 

11000 

400 

9 

15000 

300 

10 

7600 

500 

D 

11 

6000 

500 

12 

6900 

(2.5  yr  ) 
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PHRLIMINARY  REPORT  ON  AIRLINE  PILOT  SCAN  PATTERNS 

DURING  (UMUUTED  TLS  APPROACHES 

Amoo  A.  Spndy,  Jr. 

NAHA  Lonp.loy  Rouuarch  Contor 


SUMMARY 

A aoriofl  of  ILS  uppcoucheu  uaing  oeven  alrline-ruted  Booing  737  plloto 
In  an  FAA  qualified  almulutor  have  been  conducted.  The  teat  matrix  Included 
both  manual  and  coupled  approaches  with  and  without  atmoophorlc  turbulence 
In  Category  II  weather.  A nonintruaive  oculometer  system  was  used  to  track 
the  pilot's  eye-point-of-rugard  throughout  the  approach.  The  rosulto 
Indicate  that,  in  general,  the  pilots  use  a different  scan  technique  for  the 
manual  and  coupled  conditions}  however,  the  Introduction  of  atmospheric 
turbulence  doea  not  greatly  affect  the  scan  behavior  in  either  case.  A 
comparison  is  made  between  the  objective  measures  of  the  Instrument  scan 
(oculometer  data)  and  the  pilots'  opinions  of  their  instrument  use.  The 
data  show  a high  degree  of  consistency  among  pilots  for  both  the  quantita- 
tive data  and  the  qualitative  data  (pilots*  opinions).  However,  there  Is 
a slightly  lower  agreement  betwoeu  the  quantitative  and  qualitative  measures. 


INTRODUCTION 

The  scanning  patterns  used  by  pilots  during  various  phases  of  flight 
have  been  of  extreme  Interest  for  a number  of  years,  A number  of  techniques 
have  been  developed  to  measure  subject  lookpoint;  however,  each  has  either 
intruded  on  the  pilot  or  been  difficult  to  correlate  with  the  state  of  the 
aircraft.  For  this  study  a nonlntrusive  real-time  oculometer  system,  which 
allows  the  subject  0.03  m (a  cubic  foot)  of  head  motion,  was  used. 

The  purpose  of  this  study  was  twofold.  The  first  objective  was  the 
measurement  of  the  pilots*  scan  patterns  to  provide  a better  understanding 
of  how  airline  pilots  use  the  existing  flight  Instruments  and  to  provide  a 
data  base  for  ILS  approaches  against  which  advanced  flight  displays  can  be 
compared.  The  second  objective  was  to  determine  to  what  degree  pilots  can 
describe  their  behavior  and  to  compare  these  descriptions  with  the  quantita- 
tive data  of  eye-movement  recordings. 

The  study  used  airline  pilots  flying  a FAA  certified  Boeing  737  flight 
simulator  at  Winston-Salem,  North  Carolina.  Both  manual  and  coupled  (auto- 
natic  without  auto  throttle)  ILS  approaches  from  approximately  13  km 
(8  miles)  out  to  a 30  m (100  ft)  decision  height  were  investigated.  The 
data  obtained  give  information  on  the  pilots'  scan  patterns  while  monitoring 
the  automatic  controls  and  while  manually  flying  the  aircraft  during  which 
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cunfrol  inpul  (l(u-Jii1onfi  munt  bn  mndp  to  carry  out  tho  Ibr.  npproflch.  Control 
inputfi  nnti  alrcraM  pnrnmntnrn  worn  rocordod  to  olu/tin  ihn  ntrntofiy  of  tho 
indivtdunl  pllntu  .lurlnp,  tlio  two  modon  of  oporntlon,  but  thono  dntn  bnvo  not  boon 

yj'uui  * 


AnimRVJATroNd 

/mt(.HinUc  dirncUon  f:lndor  (nlrio  cnllnd  Rm  (radio  moRnotie  Indicator)) 
a lrnprod  liid  Icntor 
I » ( II « urn ) I r I ( • u ,l 1 1 mu t u r 
l'\idura.l  Aviation  Admlnlotratlon 

lMl«ht  diroetor  (aloo  called  ADI  (attitude  direction  Indicator  \.ith 
uommaml  baru)) 

horlaontal  oltuatlon  Indicator  (also  called  Cl  (course  indicator)) 
inutruroont  landing  system 
radar  altimeter 

flight  segment  as  defined  In  figure  5 
in  oculometer  tracking  region 
out  of  oculometer  tracking  region 
vertical  speed  Indicator 


EQUIPMENT 

The  Boeing  737  simulator  used  is  a FAA  certified  initial  and  recurrent 
training  facility  operated  by  Piedmont  Airlines.  The  only  changes  to  the  system 
were  the  incorporation  of  the  oculometer  optical  head  which  was  mounted  below 
the  ADP  behind  the  Instrument  panel  (fig.  1)  and  the  addition  of  TV  cameras 
behind  the  pilot  (fig.  2)  to  monitor  the  Instrument  panel  and  a TV  monitor 
located  behind  the  pilot's  seat  to  allow  the  test  conductor  to  monitor  the 
pilot  lookpoints  during  the  tests. 

A modified  Honeywell  Mark  3 oculometer  was  used  for  the  study.  The 
oculometer  has  two  primary  subsystems}  the  eloctro*-optlcal  head  and  the  signal 
processing  unit.  The  electro-optlcal  system  generates  a beam  of  infrared  light 
which  is  directed  through  a beam  splitting  mirror  toward  the  subject's  eye. 
Reflections  from  the  eye  are  directed  by  the  beam  splitter  to  an  lnfrared~ 
sensitive  TV  camera.  The  high  reflectivity  of  the  human  retina  for  Infrared 
leads  to  a backlighting  of  the  pupil,  so  that  the  camera  secs  the  pupil  of  the 
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eya  m a bright,  circular  ana  n if,  n.  n .,| 
to  roflectlon  at  the  corncaJ  mu  lac  ,',  ni,  n i.i 
the  pupil  and  the  cornciil,  inu  .1,').,  nd  i.n 

eyeball  with  reopect  to  Min  luiian  .i  |..  am,  rii,' 
from  the  TV  caitK^ra  to  i'i>iM|iiii  r i iii;  ,m)', ic 
of  the  lookpoint  on,  for  Iniiianro,  .ui  iuui  luiiiou 
aignal  proceaoor  in  a not  ol  ra  I lln  .ii  .•,!  .lif,  iiai 
the  subject's  lookpoint  cooi d I aan  ;;  .md  I'lcpi  | ,i 
the  system  consists  primarily  In  ..  iran.ij-,,,  .,i 
Ing  in  a unit  one-fourth  tlio  ui  if.inai  ,m;  ,•  anil 
system. 


t 1 1 i ; . . H 1 } ’ h 
I I niMt  II  HUM 


Ii*'  iM  P}.  MHUi.lJ  bripjit  f.ipot  due 
i ivi>  jiuiiltloar;  oi  tlu*  center  of 
iIm'  oi  j*ut/iUou  of  the 

(m  o(-eiw{lni‘.  luilt  unen  the 
ioiiiiloM  (')ihI  t h(»  coordinates 
^ ptiiii'l..  T1k‘  (.ml  put  of  the 
uimIo),  ij|,^,uujn  repronontinR 
i-uiM'ioi.  TIm‘  mudlf  icanion  to 
I III'  rlci‘1  rn- n|)i  Ii  aJ  head  reault- 
u»mm*N  1 Irat  ion  of  tlu'  operntlng 


Several  constants  wore,  not  in  < 'n  iiii.  -oii  un  loUuwu:  (1)  the 

simulated  aircraft  weight  wau  /i.*'  i.'io  i ( u/,  oim  ii„u)  lln  otu;hout:  all  approachesi 
visual  scene  was  set  loi  CiM  jv’iy  n roiuiit  itum  (iO  m (iOO  ft)  ceiling» 
366  m (1200  ft)  runway  visua:i  iaar.<*);  ( '•)  Mhu  o wn  o ::nro  wiml  cuuditlons;  C4) 
turbulence  when  used  was  the  m/iHiiiimn  .uMi  j.iMi  on  i im  nhuulator  (pilots  rated 

this  turbulence  as  moderate) ; (‘0  al  no  ( iim-  r oinergi'ncy  conditions  imposed 

on  the  pilots.  It  should  be  noiod  iImI  Mir  airpjtuie  was  not  equipped  with 
autothrottle;  therefore,  In  tlu^  iunjn»J  ni.Mir  Mio  plior  was  required  to  control 
airspeed. 

Thirty-‘two  channels  of  daia  wi  i »•  irmdiaL  The*  data  included  oculometer 
n ormatlon,  aircraft  state  vai;lnl«U:a^  pilot  inputs,  and  simulator  motion 
inputs.  The  data  were  recorded  at  a rair  ot  1!’  i Imes  a second  and  are  in  a 
format  that  can  be  handled  by  a ('onijui  p,u  i Cm  ijoratiun  6600  computer. 

The  oculometer  was  capablo  o!  ii.ni  iur.  Caifpointr:  within  the  envelope 
shown  in  figure  1.  The  engine  manap.i  nu  nl  pmaH'nt  l imes  ace  estimated  by 

determining  the  time  the  subjm.u  apmi  tooIMup,  to  tin*  right  of  tl\e  area  covered 

by  the  oculometer  since  the  primaiy  ii  .ij.ou  ioi  Joolcing  to  the  center  console 
is  engine  management. 


PPOCCDIIKi:.;;  fSW  SUltJCCTS 

The  test  conditions,  as  given  in  t ho  lol lowing  lable,  were  designed  to 
investigate  the  pilot’s  scan  dm  hip,  opri  at  iitm.  as  a monitor  in  tlui  coupled 
approaches  and  as  a controller  li»  Mm  m^iiuaj  (y  <a»ui  rnMod  approaches. 


Condition 

Appi  Otich 

Tu  L 1)U  1 rm:c 

Category 

1 

Manual 

Nil 

i 1 

2 

(loup  1 e* ! 

No 

II 

3 

fUinua  ( 

V o;> 

II 

4 

houp 1 fd 

Ves! 

II 

I 

1 

I 


/ 

I 
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The  toBt  conditions  also  Included  the  effect  of  atmospheric  turbulence  on  the 
scannlnR  behavior  for  both  modes  of  operation.  Approximately  four  runs  Cor 
each  condition  were  flown  by  each  of  the  seven  pilots.  The  order  of  runs  was 
randomised  based  on  a random  number  table.  All  teste  were  conducted  in  simu- 
lated Category  II  weather.  The  airport  simulated  was  Smlth-Reynolds  at  Winston- 
Salem,  North  Carolina.  A Vital  II  out-of-the-wlndow  system  was  used  to  provide 
the  pilots  the  visual  information  needed  to  land. 

All  test  runs  were  started  at  19  km  (12  miles)  from  runway  threshold 
(fig.  4).  The  first  6 km  (4  miles)  were  used  by  the  pilot  to  stabilize  the 
aircraft  on  the  correct  flight  path  and  to  check  the  oculometer  calibration. 

At  13  km  (8  miles)  data  recording  was  started  and  continued  until  touchdown  or 
until  the  run  had  been  aborted  as  a result  of  the  pilot  choosing  to  go  around. 

All  airline  pilots  used  in  the  program  were  qualified  Boeing  737  pilots 
who  fly  for  a scheduled  airline.  Prior  to  starting  the  test  program  each  pilot 
was  given  a briefing  on  the  operation  of  the  oculometer,  as  it  was  the  only 
thing  different  in  the  cockpit.  Also,  the  pilots  were  asked  to  assume  that 
they  were  flying  an  aircraft  full  of  passengers,  and  if  they  would  normally 
elect  to  go  around,  they  should  do  so.  At  the  end  of  the  test  period,  the 
pilots  were  asked  to  fill  out  a questionnaire  concerning  how  they  felt  they 
had  used  the  Instruments. 

All  tests  were  conducted  using  the  same  instructor  pilot  as  a copilot. 

The  copilot  functioned  in  the  same  manner  as  he  would  in  a normal  approach  and 
provided  all  required  callouts. 


RESULTS  AND  DISCUSSIONS 

The  scanning  patterns  of  pilots  are  expected  to  differ  between  pilots, 
and  even  from  run  to  run  for  the  same  pilot;  however,  there  should  be  a consis- 
tency In  terms  of  the  primary  information  scanned  for  a particular  type  of  run. 
In  order  to  establish  this  consistency,  this  report  will  deal  only  with  the 
summary  data  obtained  from  three  runs  for  each  condition  by  all  seven  pilots. 
Data  on  aircraft  state  variables,  pilot  Inputs,  etc.  are  not  dealt  with,  as 
additional  work  is  needed  in  order  to  correlate  the  information. 

Observation  of  the  pilot  scan  patterns  during  the  test  indicated  that  the 
pilots  used  the  center  of  the  flight  director  as  the  primary  lookpoint  and 
moved  from  there  to  an  instrument  and  then  came  back  to  the  center  of  the  flight 
director.  Only  rarely  did  a pilot  check  more  than  one  instrument  before  return- 
ing to  the  center  of  the  flight  director.  This  is  demonstrated  in  figure  5 
which  is  a time  history  of  one  pilot's  scan  from  approximately  213  m (700  ft) 
altitude  down  to  30  m (100  ft)  altitude.  Figure  5(a)  shows  the  manual  case 
(with  no  turbulence) , and  figure  5(b)  shows  the  coupled  case  with  no  turbulence. 
The  ordinate  Indicates  the  instruments  at  which  the  pilot  was  looking,  with  the 
flight  director  being  broken  in  to  its  infoirmation  blocks  as  indicated  In  fig- 
ure 6.  The  abscissa  indicates  flight  time  in  seconds.  The  sections  T and  n/T 
Indicate  eye  tracking  (upper  level)  and  not  tracking  (lower  level).  As  can  be 
seen  from  the  time  histories  the  pilot  changes  fixations  more  rapidly  and  looks 
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/it  inot'G  l,nBt ruiiH 'u t j * mi  i i»<  < <iii|)if  <i  Miud**  .in  rci)iij»<u  r‘d  v/itli  i]h*  iiuinuuX  mode*  Tli© 

majoirlty  of  tin.-  '»i  i * ><•  t J w.ii.  i>y  I l)C’  pi  i.nt  li)oI<in(5  ttio  contsr 

conoolc  engine  iiu;i  i»un..ni 

The  bnic  pi  i i:«  nird  .In  I I KoiT  of  tlio  peircent^  tltue 

Bpont  (dwell  f)  *n  i iMu)  *'!i  ih*’  liu-itmuieni  J (u  I In*  mnnnuJ  and  coupled  inodes 

with  no  atino0pli(- i 1 1’  ini  iinicDr*  . Vr.’M’li  jpouping  i*cMdii.IuJi  I-Ih'  Buinnuiry  dets  (S) 
over  the  entlvi*  jum  .ui  I i hi*  d.ri  i iijt  r'ai  h 1 1 Iplit  (1  to  4)  defined  in 

figure  4t  The  r, i us  h-n  < Im  d si'<  t luu  d(*l  i rn'S  Llic  nicsin  p(*p(‘dit  time  spent  on  the 
instrutuent  whi  le  i hf  lijs  ii  !.<*(  ( luu  uri  tcip  dc*l  inus  the  stfindaxd  dovietiont  The 
clock|  radar  alt.  inHi  et  , aud  Al)t'  urxi  not  Included  lu  this  figure  as  they  are 
basically  not  ustul  bv  M.e  jhIui  . ot  part  k’ular  int  erest  is  the  comparison  of 
percent  time  spent  1n  t lie  J. light  dliectoi.  (approximately  73  percent  for  the 
manual  mode  as  com[iaj.ed  v/itli  3l)  percent  tor  the  coupled  mode,  as  indicated  by 
the  crosshatched  area),  Theietore,  tor  all  the  other  instruments  the  percent 
time  is  down  in  tlie  uunnial  mode  compared  wlt.h  the  coupled  mode*  The  segmented 
data  indicate  small  deviations  in  percent  time  but,  in  generei,  they  do  not 
grossly  deviate  from  ilia  summaiy  data.  The  purpose  for  including  it  here  is  to 
indicate  the  type  of  analysis  or  data  breakdown  which  is  possible  but  an  exten- 
sive look  at  the  segment  data  Is  beyond  the  scope  of  this  report*  The  scan 
rate  (the  number  of  instiuments  fixated  on  per  second)  also  reflects  this* 

For  the  manual  mode,  it  Is  1.2  per  second  and  for  the  coupled  mode,  it  is  up  to 
1*7  per  second* 

The  area  covered  by  tVic  oculometer  (fig*  1)  did  not  include  the  center 
console,  where  the  engine,  and  fuel  management  instruments  are  located.  A check 
of  the  TV  film  made  of  the  subjects’  eyes  indicated  that  they  spent  up  to 
5 percent  of  their  iiiue  lu  the  manual  mode  and  up  to  10  percent  of  their  time 
in  the  coupled  movie  checking  either  fuel  flow  or  engine  pressure  ratio* 

A comparisoii  of  the  summary  of  percent  time  spent  on  instriiments  for  the 
manual  mode  with  no  atmospheric  turbulence  and  with  turbulence  is  given  in 
figure  8*  A slight  increase  of  about  3 percent  in  flight  director  percent  time 
is  noted  in  the  summary  bar  with  tuj  bulence;  however,  changes  in  the  other 
instrtiments,  while  present,  are  small.  Additional  data  analysis  is  needed  to 
determine  the  significance  of  the  effect  of  turbulence  on  scan.  The  introduc- 
tion of  turbulence  caused  a slight  Increase  in  scan  rate  from  1*2  to  1*4  fixa- 
tions per  second. 

The  effect  of  tm bulence  in  the  coupled  mode  is  shown  in  figure  9*  In 
this  case  additional  time  Is  spent  in  both  the  flight  director  and  the  airspeed 
Indicator  with  slight  decreases  lor  the  BA,  IISI,  and  VSl*  However,  al  ^ ® 
changes  are  small.  The  a\/eiage  scan  rate  increased  slightly  as  a function  o 
turbulence  from  1.7  to  1.9  tixatlons  per  second. 

The  attimhird  di'vial  iuuH  shewn  by  the  open  bars  above  the  means  in  figures  5 
to  7 are  small,  parlliulaily  for  the  FI)  and  AS  (whieh  account  for  most  of  the 
percent  time  on  inatrumenta) , indicating  that  the  pilots  are  consistent  in  terms 
of  the  use  of  these  InstrumcatH. 

The  mean  dwell  time  and  standard  deviation  of  mean  dwell  time  in  seconds 
for  the  manual  and  iDUpled  approaches  fer  conditions  with  no  turbulence  are 


given  in  figure  10.  Of  Interest  is  the  reduction  in  dwell  time  for  the  FD  from 
approximately  1.6  sec  in  manual  mode  to  approximately  0.8  sec  in  the  coupled 
mode.  However,  the  mean  dwell  time  for  the  other  instruments  Increased  slightly 
in  the  coupled  case.  The  standard  deviations  of  mean  dwell  are  large  compared 
with  the  mean  dwell.  Additional  analysis  is  needed  to  determine  the  dwell  time 
distributions  and  correlate  them  to  actual  conditions  of  the  aircraft  and  tech- 
niques of  control  used  by  the  indivlduel  pilots. 

The  flight  director  was  broken  down  into  information  areas  as  indicated 
in  figure  6.  The  percent  time  spent  in  the  fUght  director  areas  for  the  manual 
and  coupled  cases  with  no  turbulence  is  presented  in  figure  11.  It  should  be 
noted  that  these  values  are  percentages  of  the  time  spent  in  the  flight  director, 
as  indicated  in  figure  7,  and  not  of  total  flight  time.  Basically,  the  data 
indicate  (fig.  11)  that  the  pilots  spent  a smaller  percentage  of  their  time  in 
the  center  of  the  flight  director  in  the  coupled  mode  than  they  did  in  the 
manual  mode.  The  rest  of  the  time  is  distributed  fairly  evenly  among  the  other 
areas  for  both  modes,  with  the  exception  of  the  roll  indicator.  The  majority 
of  the  pilots  did  not  look  at  the  roll  indicator  area  at  all.  In  this  airplane 
the  speed  bug  of  the  FD  is  not  operative;  however,  the  airspeed  indicator 
(located  to  the  left  of  the  FD)  is  a bug  instrument • Additional  studies  are 
needed  to  verify  a hypothesis  that  the  pilots  are  gleaning  information  from  the 
airspeed  indicator  peripherally  while  still  in  the  speed  bug  area.  The  scan 
rate  within  the  flight  director  for  the  manual  approach  was  1.9  fixations  per 
second  as  compared  with  2.9  fixations  per  second  for  the  coupled  approach. 

It  is  evident  from  the  oculometer  data  that  in  terms  of  the  percent  time 
on  Instrument  data  (figs.  7 to  9)  the  ranking  of  instruments  (the  most  to  least 
percent  time)  changes  relatively  little  either  between  pilots  or  between  condi- 
tions. The  oculometer  data  indicated  that  the  FD,  AS,  and  HSI  ranked  1,  2,  and 
3,  respectively;  the  VSI  and  BA  were  approximately  equal  for  4 and  5 rank;  and 
the  ADF  and  RA  (not  shown)  ranked  6 and  7,  respectively.  A review  of  the  pilot 
questionnaire  indicated  that  while  the  pilots  basically  agreed  with  each  other, 
their  rankings  did  not  agree  with  the  oculometer  data  for  the  HSI,  which  the 
pilots  generally  ranked  fifth,  and  for  the  BA,  which  is  ranked  third.  It  is 
presumed  that  the  pilots  reported  those  things  which  concerned  them  most  and 
not  necest'-arily  their  actual  behavior.  Therefore,  ranking  Instruments  strictly 
according  to  percent  time  spent  (as  measured  by  the  oculometer)  may,  in  fact, 
not  reflect  actual  Instrument  priorities. 

A great  deal  of  additional  analysis  of  the  data  is  needed  to  develop  a 
basic  understanding  of  the  strategy  used  in  controlling  or  monitoring  an  ILS 
approach. 


CONCLUSIONS 

The  results  obtained  from  the  study  provide  a data  base  on  how  pilots  scan 
the  existing  flight  instrument  during  simulated  Category  II  ILS  approaches.  A 
preliminary  look  at  the  data  Indicates  that: 


1.  Pilot  mean  percent  time  on  the  various  instruments  remained  relatively 
constant  throughout  the  approach  to  30  m (100  ft). 

2.  The  standard  deviation  of  the  percent  time  on  instruments  was 
relatively  low. 

3.  Pilots  spend  less  time  in  the  flight  director  during  the  coupled 
approach  than  during  the  manual  approach.  Most  of  the  difference  was  used 
on  airspeed. 

A.  Pilots  percent  time  on  Instruments  varied  little  with  the  Introduction 
of  turbulence. 

5.  Mean  dwell  time  on  the  flight  director  for  the  coupled  mode  was  half 
that  for  the  manual  mode. 

6.  Standard  deviations  of  dwell  time  are  large  compared  with  mean  dwell 

time. 

7.  Pilots  were  consistent  in  ranking  the  instruments  in  terms  of  most  to 
least  used.  However^  the  ranking  obtained  from  the  oculometer  data  in  terms  of 
percent  time  on  Instruments  did  not  agree  with  pilot  opinion  with  regard  to  the 
horizontal  situation  indicator  and  barometric  altimeter. 
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Figure  3.-  Basic  sensing  principle. 
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Figure  A.-  Flight  profile. 


(b)  Coupled  approaches. 

Figure  7.“  Percent  time  on  Individual  Instruments 
(7  pilots,  3 runs  each). 
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Figure  8.-  Percent  time  on  Individual  Instruments  for  mnual, 
ILS  approaches  with  and  without  turbulence  (7  pilots, 

3 runs  each) . 
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Figure  9.-  Percent  time  on  individual  instruments  for  coupled 
ILS  approaches  with  and  without  turbulence  (7  pilots, 

3 runs  each). 
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SUMMAKY 

Fifty  lino  pllotu  (cuptalna,  firwt  offlcnrn,  ami  fllylit  laiginccra)  Iroiii 
8 different  airllnen  were  admin  late  red  a atruetured  qm  i luiuuil  re  relating 
to  future  warning  ayatera  dealgn  and  aolutlonw  to  eurrenl  warning  ayatem  prub*- 
letna*  This  waa  followed  by  a aemantlc!  differential  to  obtain  a laettjr 
analysia  of  18  different  cockpit  wurulng  algnala  on  HcaUm  nudi  aa  Informative/ 
distracting^  annoylng/aoothing.  Half  the  plJotw  received  a dcanonatratlun  el 
the  experimental  text  and  voice  ayntheaiaer  warning  ayntema  before  annwerJug 
the  questionnaire  and  the  sewuntic  differential.  A control  group  annwi;red 
the  questionnaire  and  the  semantic  differential  first,  thus  providing  a check 
for  the  stability  of  pilot  preferences  with  and  without  actual  exposure  to 
experimental  systems.  It  was  hypothesized  that  preferences  for  w.irning  method 
and  cancellation  method  would  vary  as  a function  of  warning  urgency  or  pri“ 
orlty  and  as  a function  of  expected  false-alarm  rate.  It  was  also  thought 
that  age  and  position  flown  might  influence  pilot  preferenci-s . There  were  no 
significant  differences  between  the  two  groups  for  overall  preferemms  for 
text  and  voice  warnings  compared  to  other  warning  methods,  suggesting  a high 
degree  of  stability  and  reliability  of  pilot  preferences  for  warning  methods. 
Warning  urgency  and  expected  false-alarm  rate  did  produce  slgni£lc.ant  differ*- 
ences  in  pilot  preferences  for  some,  but  not  all,  warning  methods.  Warning 
urgency  also  produced  significant  differences  in  preferred  canceliatlon 
methods  for  some  warning  methods.  Generally,  the  preference  data  obtained 
revealed  much  consistency  and  strong  agreement  among  line  pilots  concerning 
advance  cockpit  warning  system  design. 


INTRODUCTION 


There  seems  to  be  substfu.  .ial  agreement  among  members  of  the  aviation 
community  that  current  cockpit  warning  systems  for  comnuncial  jet  transports 
suffer  from  a wide  range  of  human  factors  design  problems,  In  a recent  study 
by  the  Boeing  Company  (ref.  1),  funded  by  the  Ftaier.'ii  Avi;itlon  Admlni  jitriit  I on , 
Vletengruber  documented  the  warning  systems  In  aircraft  now  curnmt  in  tlic 
fleet.  He  found  insufficient  standardization  of  warning  slg.nals  hetween 


i^iThls  research  was  supported  by  NASA  Ames  Research  Centi’r  Grant 
NGL-05-046-002,  San  Jose  State  University  Foundation  Account  02-0l-W,IA. 

^'he  term  "line  pilots"  refers  to  pilots  who  rcgulai  Iv  l ly  immiioirial 
transport  aircraft.  It  does  not  Include  airline  chock  pilots,  cliiel  pilots, 
or  instructor  pilots. 
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aircroft  typua  and  ovon  for  the  anroc  aircraft  typo  botv'ocm  airllnea,  Ho  alao 
noted  a trend  toward  IncreoalnB  numbora  of  different  warning  algnala  in  both  the 
visual  and  auditory  nvodoa.  George  Cooper  (poraonol  communication),  mider  con- 
tract to  the  National  Aeronautica  and  Space  Adminiatration,  conducted  structured 
interviews  with  foreign  and  domestic  aircraft  and  avionico  manufacturers  in 
order  to  document  current  philosophies  and  to  identify  specific  guidelines  which 
might  assist  in  improving  warning  system  design.  He  found  general  agreement 
that  cockpit  warning  systems  are  inadequate  and  may  be  adding  to  cockpit  work- 
load at  times  when  this  is  already  heavy  duo  to  additional  demands  on  crow 
attention.  While  general  agreement  was  found  for  many  guidelines,  the  Cooper 
study  also  revealed  some  major  points  of  disagreement  among  the  parties  inter- 
viewed regarding  preferred  methods  of  alerting,  that  is,  tones,  bells,  voice, 
alphanumerics,  labeled  lights,  and  tactile  warnings  such  as  the  stick  shaker. 
However,  a need  for  improved  standards  or  guidelines  was  recognized. 

There  are  a number  of  proposals  that  define  general  approaches  to  cockpit 
warnings  and  assign  particular  alerting  methods  to  particular  hazardous  condi- 
tions. Aeronautical  Radio,  Inc,  (ARINC)  has  a project  paper  (ref.  2)  that  out- 
lines specifications  for  airborne  audible  warning  generators.  By  assigning 
specific  aural  alerts  to  specific  hazardous  conditions,  they  have  attempted  to 
standardize  the  “meanings"  that  pilots  would  have  to  learn  to  associate  with 

each  of  the  different  types  of  sounds.  They  also  recommend  a visual  annunciator 

that  would  remain  on  until  an  existing  fault  is  corrected.  They  provide  for  the 

possibility  of  voice  warnings  in  place  of  or  in  addition  to  the  nonspeech  aural 

warnings.  The  Society  of  Automotive  Engineers  (SAE-7)  Steering  Committee  on 
cockpit  design  is  currently  working  on  design  standards  for  future  warning 
systems.  British  Airways,  in  a paper  for  the  International  Air  Transport 
Association  (ref.  3),  presented  strong  arguments  against  the  use  of  nonverbal 
aural  alerts,  pointing  out  that  such  alerts  are  limited  in  the  amount  of 
information  they  can  transmit  and  often  are  startling  and  distracting.  They 
suggest  audio  alerts,  preferably  voice,  for  high  priority,  quick-action  dangers 
and  visual  warnings,  color  coded  for  priority,  for  all  priorities  of  warnings. 
They  recommend  that  high  priority  voice  warnings  be  non cancellable  while  pro- 
viding for  a cancel  button  for  lesser  priority  voice  warnings.  Clearly,  there 
is  no  industry-wide  consensus  regarding  the  types  of  alerting  signals  or  the 
system  logic  that  should  be  used  for  cockpit'  warning  systems. 

One  type  of  data  frequently  overlooked  is  objective  measurements  of  user 
preferences.  All  too  often,  experimental  ^vs terns  are  designed  and  tested  in 
the  simulator  first,  with  pilot  debriefings  afterwards.  Perhaps  this  approach 
is  popular  beuause  of  a belief  that  there  is  little  agreement  among  pilots  con- 
cerning new  cockpit  displays  and  therefore  little  to  be  gained  by  asking  them 
what  they  want  in  advance.  This  deprives  an  investigation  of  the  vast  resource 
of  flying  experience  of  the  pilots  who  are  destined  to  use  and  depend  on  the 
new  system  until  major  commitments  have  been  made  to  particular  design 

elements  or  types  of  systems.  This  study  had  the  dual  purpose  of  sampling  line 
pilot  preferences  for  cockpit  warning  system  design  and  also  providing  data 
that  would  be  useful  in  guiding  subsequent  flight  simulation  research  aimed  at 
the  determination  of  design  principles  for  warning  systems  for  air  transport 
aircraft. 
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HYPOTHESES 

some  eanoral  1-ypothesca  .egordljg 

were  Cro£.  4)  and  on  voUe  »orning  systom  design 

?nU^g^S«y  ^n  syntHeslsed  speech  displays. 

During  discussions  with  pilots  on  f ' 

(GPUS).  It  was  observed  that  ‘ iupjttate  thalr  opinion.  This 

toward  voice  warnings  and  used  , prticXes  appearing  In  publications 

Observation  was  ““P^vllrtlnf  pllotrciras! "fis!  an"  1976  (refs.  6 

written  for  and  read  ^ \gj^ed  if  voice  warnings  with  extremely  low 

and  7).  However,  ^ ^ many  responded  that  voices  could  be  very 

false-alarm  rates  would  be  acceptabl  , , ^„_„nd  on  them  to  be  accurate, 

useful  for  high  priority  warnings  if  one  f per  se,  but 

SSruid  5:prb^ on“thn^^^^^^^^^^  ^ol  theVle«  signaled  by 

the  warning  and  on  the  expected  fa  se  a a 

Another  point  that  pilots  -phaslsed^  Slt^^Suirdrrlnrdaoislon! 
difficulty  created  by  loud  aomds  an  vo  ^ frequently  given 

making  and  intracrew  communication.  The  , attention  to  the  decision- 

Z an%xample  of  a signal  that  prevented  or  disrupted  ^ttention^t^^^^ 

making  process  “asked  crew  checklist comments  about  cancellation 

events.  On  the  other  hand,  pi^-ots  gave  ^P, . other  visual  warnings 

of  visual  warnings.  Some  wanted  to  visual  displays, 

as  soon  as  they  occurred  to  prevent  f conditions 

Others  wanted  visual  signals  to  ® . hypothesis  that  preferences  for 

remained.  From  these  ^otf  Lr^i^ 

warning  cancellation  would  depend  f„  addition,  it  was  hypothesized 

method  used  (i.e.,  auditory,  , visual  signals  would  satisfy  the 

that  a limited  priority  assignment  scheme  for  visual  signaxe 

majority  of  pilots. 

1 t-^A  t-Viaf  ane  and  position  flown  might  have  an  effect  on 

It  was  also  expected  that  age  an  p no  specific  predictions 

^c“"Xnsrprsir^rc?r::  .v-Lice.  fhc„.  ih. 

hypotheses  were  that 
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l.  Pilot  preferoncos  for  warning  method  will  depend  on  the 
problem  algnaled  and  on  the  expected  falao-alnrm  rate. 


urgency  of  the 


2.  Preferencea  for  warning  cancellation  will  depend  on  warning 
the  warning  method,  ^ 


urgency  and 


3,  A limited  priority  assignment  scheme  for  visual 
most  pilots. 


signals  would  satisfy 


4,  Age  of  pilots  and  crew  position  flown  might  produce  differences  In 
preiereuc08 • 


4 


® pilot  preference  survey  Is  proposed,  resistance  Is  encoun- 
tered because  of  supposed  characteristics  of  pilot  preferences.  In  fact,  these 

this,  subjects  were  offered  reasonable  alternatives  to  rate  or  rank  or  were 
off«ra  choices  among  alternatives.  In  most  cases,  they  were  also 

or  responses  where  they  could  write  in  their  own  opinions 

InadeoLtP  system,  if  they  thought  the  ones  offered  were  totally 

!*  If  this  alternative  was  used  by  a significant  proportion  of 

be  evidence  of  an  unmanageable  diversity  of  opinion  among 
pilots.  Inadequate  test  items,  or  both.  f among 

Further,  it  is  often  suggested  that  pilot  opinions  are  too  changeable 
because  they  consider  whatever  new  system  they  saw  last  to  be  best.  \his  prob- 
maklne^fl  ^ ^ Splitting  the  sample  group  into  two  subgroups  and  then  by 

^ten?l!l  ‘'he  subgroups  of  the  usefulness^and 

irSe^tLf  m f systems,  CRT  or  voice,  which  would  then  be  represented 

suberLfr  n significant  differences  between  the  responses  of  the 

p!!efereSLrob1SLr  changeability  of  the  pilot 


Measuring  Instrument 

i-oof  instrument  was  a 32-page  booklet  to  be  filled  out  by  each 

5rfrefJe«f‘n  f 2 pages  of  biographical  information  and  30  pages 

o free  response,  rating  scale,  preference  grid,  and  ranking  Items.  There  was 
a second,  optional  test,  the  semantic  differential.  In  a separate  booklet.  It 
consisted  of  Judgments  of  16  concepts  on  17  polar  opposite  scales.  It  was  only 
administered  to  subjects  who  finished  the  first  booklet  within  the  3 hr  allowed 
compleL!°“*’^^  session.  If  administered,  it  took  approximately  15  min  to 
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SubjpotH 

Sul»Jpcl(i  wt'i’o  Unc  captalnH  (13),  flmt  ofl  JcurB  (20),  or  flight  engineers 
(1/*)  currently  flying  transport  aircraft  or  recently  furloughed  (3).  The 
oldest  was  60,  t1u>  youngest  27,  with  a mean  age  of  41.3  years.  Total  time 
averaged  9300  hr,  and  8 airlines  were  represented.  (See  table  1.)  This  sample 
was  not  randomly  chosen,  and  so  may  not  represent  a true  cross  section. 


Procedure 

Subjects  were  obtained  in  sets  of  1 to  9 persons.  They  were  drawn  from  a 
pool  of  airline  pilots  based  in  the  San  Francisco  Bay  Area  who  had  expressed 
interest  in  participating  in  research  at  Ames  Research  Center.  They  were  paid 
for  their  participation.  Each  set  was  randomly  assigned  to  treatments,  except 
that  the  last  set  was  picked  to  exactly  complete  the  group  sample  size  of  25. 

V^jnoi'UtAdtion-^-Out  gkoup  — Sets  of  pilots  who  were  assigned  to  the 
"demonstration-first”  group  were  offered  coffee  and  a short,  purposely  vague 
ihtroduction^  to  the  purpose  of  the  study,  and  assurance  that  their  name  and 
airline  could  not  be  connected  to  their  individual  responses  on  the  test  items. 
They  then  participated  in  a 20-mln  experiment  that  exposed  them  to  synthesized 
speech  warning  messages.  Following  that,  they  were  shown  a video  tape  of 
various  possible  CRT  display  warnings,  and  then  color  slides  of  this  type  of 
CRT  system  and  another  type  of  alphanumeric  warning  system  in  several  simulators, 
aircraft,  and  artists*  conceptions.  Finally,  they  were  given  the  two  test 
booklets  and  allowed  to  work  on  them  at  their  own  pace,  for  a maximum  of  3 hr. 
Most  completed  them  in  less  time. 

Quests onn(UAe.-jj-cUt  gAoup  — The  **questionnaire-first"  pilots  were  given 
the  short  introduction,  coffee,  anonymity  assurances,  and  told  they  would  have 
2 1/2  hr  to  complete  the  test  booklets,  after  which  they  were  given  the  syn- 
thesized speech  experiment  and  the  video  and  slide  demonstrations. 

The  experimenters  were  always  present  during  administration  of  the  test 
booklets  to  answer  questions.  Discussions  were  not  allowed  to  become  estab- 
lished. If  opinions  were  offered  spontaneously,  subjects  were  politely 
encouraged  to  write  them  in  the  appropriate  spaces  on  the  booklets.  Motivation 
was  good,  and  subjects  willingly  worked  on  the  booklets  without  complaint. 
Spontaneous  comments  offered  at  the  end  of  the  session  were  encouraging.  All 
subjects  were  offered  an  opportunity  to  fill  out  a name  and  address  sheet  to 
receive  a copy  of  the  report  on  the  study.  More  than  two-thirds  of  them  chose 
to  do  so;  41  of  the  50  also  chose  to  do  the  optional  semantic  differential. 

Tliese  are  rough  Indications  of  good  motivation  and  interest. 


^The  Introduction  was  left  vague  to  prevent  biasing  subjects.  If  any 
particular  system  was  even  mentioned  In  a positive  or  negative  statement,  it 
could  have  influenced  their  responses. 
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RESULTS  AND  DISCUSSION 

In  the  following,  whenever  a reauit  Is  pren(?riteii  oj.  a eoncluiiiou  ollcrcil, 
aHHume  that  the  "demonatratlon-f irst"  and  the  "questlonnai re-f 1 rat"  gtnu|)H 
were  not  significantly  different,  and  the  data  were  eomlrlned  after  the  Hlgnll- 
icancc  tost  had  been  run.  The  few  instances  when  there  wan  a nLgnlf leant  dif- 
ference are  indicated.  The  tcnn  "pilots"  Is  used  to  describe  any  of  tlie  sub- 
jects, whether  they  were  captains,  first  officers,  or  flight  eiigtne(>rs. 

Throughout  this  paper,  there  are  repeated  references  to  priority 
(«  urgency)  levels,  1 through  5.  Tliese  were  adapted  from  a priority  assignment 
scheme  developed  by  the  Boeing  Company  and  were  presented  to  subjects  in  the 
form  shown  in  table  II.  Warning  methods  are  repeatedly  referred  to,  and  these 
were  initially  presented  to  the  subjects  as  shown  in  table  Hi.  Subsequently, 
they  were  referred  to  in  an  abbreviated  form. 


Warning  Method  Preferences 

The  preference  grid  shown  in  table  IV  was  repeated  four  times,  once  for 
each  of  four  false-alarra  rates?  50  false: 1 real  alarm,  1 false:50  real  alarms, 

1 false: 1000  real  alarms,  and  1 false: 1,000,000  real  alarms.  Pilots  were  asked, 
for  each  of  these  rates,  to  place  an  X under  the  system  or  systems  they  would 
want  for  warnings  of  that  urgency,  given  that  the  system  false-alarm  rate  could 
be  no  better  than  stated.  Results  are  shown  in  figure  1.  There  is  much 
information  in  this  figure,  but  it  will  reward  close  study.  First  consider 
one  cell  concerned  with  voice  warnings  for  priority  1 problems  (fig.  2).  Note 
that  with  the  high  false-alarm  rate,  50:1,  few  respondents  will  accept  the 
voice  warning,  but  as  the  false-alarm  rate  improves,  more  and  more  pilots  are 
willing  to  accept  this  method  of  warning  for  priority  1 situations.  Returning 
to  figure  1,  the  larger  histogram,  note,  in  the  row  for  voice  warnings,  that 
for  the  lower  priority  situations,  the  number  of  pilots  desiring  voice  v^arnings 
declines,  regardless  of  the  false-alarm  rate.  In  short,  pilots  do  not  want 
voice  for  "information  only"  or  low  priority  warnings,  and  they  do  not  want 
them  if  the  false-alarm  rate  is  high.  But  they  are  willing  to  accept  voice 
warnings  for  very  important,  high  priority  warnings  if  the  false-alarm  rate  is 
low. 


Now  consider  the  row  "text  message."  Note  that  It  Is  generally  acceptable 
no  matter  what  the  false-alarm  rate  is,  as  shown  by  the  evenness  of  the  histo- 
grams within  cells.  But  also  note  the  slightly  greater  concentration  of 
responses  within  the  cell  for  urgency  level  3.  This  v/ould  tend  to  indicate 
that  text  messages  arc  seen  as  more  valuable  for  moderate  priority  iti’ms. 

Two  further  observations  can  be  made  from  this  figure.  For  the  auditory 
warnings  (top  three  rows),  responses  are  concentrated  in  the  higlier  priority 
columns,  indicating  that  pilots  want  sounds  only  lov  iuiportatit  prohK'ms. 

A test  for  the  effect  of  false-alarm  rate  Is  also  <'oiu!  istont  ( i/-  = 22.6, 
df  =12,  p < 0.05). 
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Now  consider  visual  displays.  A n-lallvc  Inscric.  J I I v 1 1 y to  1 .1 1 r.i  ••  ,i  I ai  m 
rates  and  urgency  level  is  sliown.  These  responses  snggi'sL  tliai  visual  w.nnisp.s 
con  he  more  easily  Ignored  i£  they  are  a false  alarm,  and  that  Hiey  < as  I" 
tailored  to  suit  the  urgency  of  the  situation.  '//■  tests  weia  perlonn.-.l  mi  ilv 
data  for  each  false-alarm  rate  to  test  tlie  relation  ol  warnlnp,  meihoil  lo 
urgency  level.  For  all  false-alarni  rates,  sign  1 flcain'e  levels,  of  p O.OS  m 
bettor  were  obtained.  Inspection  of  the  tabled  data  allowed  tli.it  the  .luditoiy 
methods,  particularly  "other  sound"  and  "voice,"  were  ))relerred  lor  1 he  imu  r 
urgent  warnings  provided  the  false-alarm  rate  was  low.  Visual  method!;,  )>ar 
tlcularly  "labeled  light"  were  preferred  for  moderate  and  less  urgent  w.-miings 
for  all  false-alarm  rates  and  were  also  preferred  for  level  1 and  2 urgency, 
"action  now"  warnings  when  the  false-alarm  rate  was  high. 

When  differences  between  the  responses  of  the  "questionnaire-first"  and 
"demonstration-first"  groups  were  tested  on  this  item,  none  of  the  expecti.-d 
ones  were  found,  despite  this  being  one  of  the  most  likely  sections  ol  tlie 
questionnaire  to  show  such  differences. 

Warning  Cancellation 

Part  of  matching  a warning  to  a situation  is  providing  a way  to  cancel  the 
warning  when  it  is  no  longer  wanted.  Responses  were  collected  by  means  of  a 
preference  grid  with  cancellation  options  and  warning  methods,  given  dillerent 
priorities.  The  results  are  shown  in  figure  3.  For  clarity,  one  cell  is  shown 
in  figure  4,  voice  warnings  for  priorities  1 and  2.  (For  brevity  on  the  ques- 
tionnaire, priorities  1 and  2 were  combined  as  were  priorities  3 and  4.)  For 
these,  "cancel  button"  is  the  method  most  preferred,  and  this  is  a general 
finding. 


Note  the  very  small  number  of  "noncancellable"  responses,  vdn'ch  Indicate 
that  the  respondents  do  want  to  be  able  to  cancel  a voice  warning.  This  is 
true  for  nearly  all  auditory  war  rirrgs . Also , few  sub j ects  checked  "don  ’ t u.se 
for  this  warning  method,  for  this  priority,  indicating  that  they  do  find  voic 
warnings  acceptable.  Figure  3 also  shows  that  "noncancellable"  is  very  fre- 
quently checked  for  lights,  text  messages,  and  flags;  therefore  they  should 
stay  on  until  the  problem  is  solved.  When  x tests  were  applied  to  test  for 
a statistically  significant  relation  between  urgency  and  cancellation  pref<'i- 
ences,  they  were  significantly  related  (p  < 0.001)  for  auditory  warning  inetln 
but  not  for  visual  methods  (p  > 0.20). 

Finally,  figure  3 shows  that  as  priority  decreases,  there  are  m.niv  more 
"don’t  use"  responses  for  audio  displ;iys,  the  trend  being  reversed  lot 
unlabeled  lights  and  flags. 


System  Logic 

Another  question  ;it  is.sue  in  the  design  ol  warning,  syiiti'in!'.  Is  tin 
ment  of  priorities  for  the  warnings  and  filtering  or  Inhibiting  lliein. 
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jirohlnn  v;/ih  mmiiphiumI  In  llin  rnnt<'>?t  nj  n f»hi}’lr  (lianncl  warning;  that 

(M)iil(l  not  profUM)!.  liin.IMpIo  n Imti  1 1 anorun;  wafulnpn*  IMlc/tn  w^To  nnk(>d  tu  ratc^ 
tho  Inllnv/liip,  nyhli'iiin: 

A.  An  nnl>nnr<l  rompnlri’  (I(m’I(Ic};  pMorlly,  j)!cjaMili;  tln»  inout  urHont  warning 
vmt  I 1 Uio  rnmiltJon  In  roiiiovodj  Ihon  }n  ofn  iil  n l)io  noxl  inont  urfpaiti  otc* 

U.  A pr  luiaj  y ilJuplay  j)roHrnln  I ho  monl  nrfomi  v/arnlnp.n;  /i  Htibn  ld  lnry  dJn- 
play  pr(‘n(‘nt.i]  /my  (‘thorn  v/hlclj  lanmr  f;  liniil  I anonmi  1 y. 

h,  Prlorlllcm  arc*  not  ana  I j'iu*d  - v/ai  n Injp]  /iro  pronontrd  on  tho  primary 
cliapjay  an  tln*y  ooour, 

!)•  A wanriug  In  i)roHonLud  JOr  5 soooiuls  on  tlu*  primary  display  then 
roplacunl  with  am»ther  warning,  until  all  warnings  in  llu*  stac’k  are  exhausted; 
then  the  entire  thing  repenats  until  /ill  ('oiui  i 1 ions  retpiiring  warnings  are 
removed*  All  warnings  are  also  d Is]‘l /lyod  on  /i  suhsidl/iry  dlspl/iy* 

E*  An  (inboard  romputer  /m/ily^.c‘s  the  p/ittoin  of  w/irnings,  then  presents  the 
crew  witli  the  hc*sl  (‘oursc*  of  nvtAnn  in  eoimmind  format* 

Two  primary  displ/iy  systems  wi.*re  t(‘  he  considered  — nn  "alphanumeric  display 
block  of  3/4- ln**~h:igh  letters"^  or  ;i  "synthesized  voice  display  in  earphones  and 
speakers*"  Results  arc*  presented  in  figure  5*  In  all  cases,  the  visual  warning 

was  slightly  more  desirable**  System  R is  the  f/ivorlte*  The  other  systems 

hav(e  mean  ratings  of  3,  "no  preference"  or  worse,  so  the  ])ilots  seem  to  indicate 
that  they  do  not  li,ke  any  of  these,  other  systems  very  much.  Clearly,  more 
thought  must  be  given  to  priority  /issignment  schemes;  perhaps  systcam  B could  be 
used  as  a starting  point. 


T(*xt  Displays  V?ith  /nul  Without  Alerting  Tone 

The  next  item  eoncerned  the*  use  of  a fl/ishing  versus  a nonflashing  display 
and  the  use  of  an  auditory  alerting  tone*  A grid  was  presented  showing  differ- 
ent systems  and  urgency  levels  (table  V)*  Subjects  went  through  the  grid  twice, 

first  making  an  X for  /my  systems  they  would  want  for  warnings  of  a given 

urgency  level,  /nul  the  second  time  m.aking  an  A for  any  systems  they  would 
want  for  a given  urgency  level  It  a single  /mdjo  /ilerting  tone  were  presented 
at  the  same  time*  The  results  for  /i  w/irning  on  the  bottom  line  of  a CRT  are 
shown  in  figui'e  6*  Tin*  "m^t  flashing"  viM^sion  is  most  dc*slred  for  low-urgcncy 
warnings,  wliilt*  the  audio  tone  is  m‘t  c<insidi*red  p/ir t i cularly  helpful  for  any 
priority*  When  the  same  warning  Is  fUishinp.*  htnv't'ver,  the  preferences  move  to 
priority  2 with  /uidio  ;ilf*rt  hig  /nul  to  priority  3 withotit. 

Next  c(.>t\sld(*r  tigure  /,  "w/irning  en  whole  CUT  s«;reen."  Wien  this  Is  not 
fl/isliing,  tin*  preference's  eonler  .ireuml  pi  iorilv  2;  but  wln.'u  it  is  flashing, 
the  pitelerences  inovi*  in  prifullv  1,  llu*  m(»st  tu  s,o»it  Might  <s/itety  items.  For 

tin  ‘ M t • » lilt.'  iiutl  1 1 1 .'1 1 1*  V I i 11  ji',  t ' n u ‘ 1 1 1 ;-i  tt  1 u' ' I 'ittt-' ; ■ iiv ' i < ' t ^ t * s i i .'il'  1 1*  ♦ 

lA  1 1 inatetiol  enelosed  in  fpiot/ition  iii:n  ks  i;;  a d i riu  t (juol/iticm  from  the 
tp t.  i (itn ) a i re  » 

sy/i 
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Figuru  8 HhowH  Uu».  reniiltM  Ini  a iJm*  oj  twnlvn  iiu  /ilplia- 

numoricf?/’  AgaiUi  wluni  not:  :Il  If;  vInv/oU  m\  a Uovioo  ho  jo  tssmil.  i n); 

normal  information  or  Uoih  vital  warnlugH,  prloi  Jty  1 or  hoJnv;;  in  iliia  t/nw, 
no  audio  alort  In  wantru].  V/hon  riaalihph  llioja*  a.1  iJhmiuuuo  irji  «*an  Im  u;,od 
the  hlght'Qt  priority  UtauH*  In  tliJn  o/iho,  llio  audio  tt»nc*  Krt  onuo;  /ih  I o an 

an  alerting  device*  It  f;ht>u]d  he  nolod  tlial  nomo  oJ  (In*  doninina  rat  ( ofi  giv<‘u  to 
the  subjects  connlnted  of  J i I nntral- 1 oun  of  exact  ly  tlieru'  t)u  i‘o  Myjitemj.*  Thev 
were  shown  by  video  tape  on  a 12*7-’('m  (')“:Iu*)  by  14*0-cm  (S*')-ln*)  (JKJ'  moniior 
and  by  color  sllden  ol  tlu‘  12”-a  I plumumei  J c bJiJck  n,^;ed  In  on  lli<* 

at  Ames  Resuarcli  Cimter*  Surpr  Joingly , no  HignJJicanI  d 1 f fi»ronci*n  Ju  rcj;pom;eH 
were  noted  between  the*  "demount  rat  lon-^ri rat’*  and  "(juefa  lonnai  ro’^l  i i nt"  groupa 
for  these  items* 


Vojcf  Warnings 

Another  group  of  questions  concerned  voice  warning  systems*  A technoJugi- 
cally  possible  future  system  was  described  Jn  which  each  of  the  present  aural 
warnings  would  be  replaced  by  a voice  warning  with  a different  voice  message 
for  each  different  malfunction*  The  description  is  reproduced  below. 

It  would  be  possible  to  replace  all  of  the  current  aural  warnings  with 
voice  warnings*  Such  a system  would  be  able  to  have  different  voice 
warnings  for  unsafe  conditions  which  are  now  signaled  by  the  same 
aural  warning,  e*g.  TAKI‘M)FF  warning  and  CABIN  PRESSURE  warning*  Such 
a system  would  also  include  a volume  control  to  adjust  to  different 
listening  conditions.  The  warnings  would  be  presented  to  your  headset 
at  the  same  volume  as  your  own  adjusted  volume  level  for  ATC  coimnunica-* 
tions*  As  a back--up,  the  warnings  would  also  be  presente<l  over  a 
speaker  with  their  volume  automatically  adjusted  to  be  just  suffi- 
ciently above  the  volume  of  the  ambient  cockpit  noise  so  you  would 
hear  them  clearly  — as  the  noise  level  changed,  the  volume  ol  the 
warnings  would  be  automatically  adjusted  up  or  down*  A visual  status 
display  would  also  be  included  to  display  all  unsafe  conditions  as 
long  as  they  continued  to  exist*  You  would  have  the  option  of  leaving 
the  visual  display  on  continuously  or  turning  it  on  only  when  you 
wanted  to  look  at  it*  There  would  be  a cancel  button  for  voice 
warnings . 

In  response  to  the  question,  "Would  you  want  such  a system  in  your  cockpit?", 
far  more  pilots  said  they  would  want  the  proposed  voice  warning  system.  Eighty- 
two  percent  of  the  50  pilots  gave  a "yes"  or  a "qualilled  yes"  response  while 
only  18  percent  responded  "no."  This  difference  was  highly  slgnil leant  as 
tested  by  the  50-Percent  Probability  test  (x  - 9,  n - 50,  p * 0,002). 

The  pilot  responses  to  the  proposed  voice  warning  system  were  potent  tally 
among  the  most  susceptible  to  possible  influtnice  from  the  demonst rat  ion  el 
experimental  synthesixed  speecli  and  text  dii;pl.;  s.  In  I igure  9,  iln*  ie;.pennes 
of  the  questionnaire-first  group  are  shown  on  t ■ left,  and  tiiose  ol  the 
demonstration-first  group  are  shown  on  the  light  The  projuu  i ions  ol  ’’ve:  *' 
(including  "qualified  yes")  to  "no"  rc'sponses  wen  iieai  iy  idi'iiti'ai  ler  tin  two 


Thp  only  (H  i It'rnuM*  b('twi*rn  l:liu  two  |.>roujJH 

proiKu  l Inn  nJ  “quallfhui  yrn“  roHpoania^  p1v(‘n.  A nm/iUor  jH’rrtMil /qv*  of 
li'iipnunrM  fni  ( lu*  doiiionii  (rn  1 1 on -I  h nt  f»>roup  wort^  ‘’qunl  if  Jr»d  y(»n’’  roupniniinw 
Tin*  pi  loin  (i)  tin’  qunnt  lonna  I nil.  p,roup»  how^^vofi  worn  rt‘HpoinUnf\  on  thn 

|hir»ln  (»1  iin  prior  <»Hp(»rlonn'  with  tin*  (Wip/ib  j 1 1 1 I on  ol  ronio  vuloo  wnrnlnp; 

nvntonin,  In  thin  oontnoU  > It  would  ho  roninmaliJo  to  find  a h:lp,hor  doppnn*  of 
uin  orlahHy  oonooi  nlnp  t in*  ohnr/iot  (‘v tnf  :l o.n  <»t  a pr(q)onod  voloo  warnJnp,  nyfitom. 
Tliln,  In  turn,  uould  l»av/o  o/iunod  inor»*  of  thofn*  plhftn  to  p,lvt*  a **qualiliod  yofi” 
i'0Hp<mf}o  <’omparod  t<»  tho  dojaonntrat  Jnir d trnt  ppamp.  Ilov/ovor,  thin  apparent 
diliro'oaro  holv/(n*n  \.\u\  two  p,rou]>n  wan  not  nJpjrUitwml  an  nhown  by  FJnhor’ri  tent 
(a  H,  h ’ 't,  (*  K!,  (1  IH,  p :•  O.OS). 

Tin*  next  (|Ui‘nlIon  wan  doniguod  to  dotoniilnii  whioli  fuaturon  or  oumpomailB 
of  1 h(*  )uop(tnod  voliu*  warning  nyntom  wt*ro  ronponnihlo  tor  produoing  *’y<jB'‘  or 
‘hiuallilod  yen’*  r(»yponnc!B  to  the  nyntuaiu  Figurt»  10  shown  the  percentage  of 
‘'ownont  i.a  1 ’’  jiuiguioutn  rec’eivod  by  eacdi  vn)icc‘  warnirig  nystcnn  component.  These 
rtanponnen  were  given  by  the  41  pilutn  who  had  responded  affirmatively  to  the 
piruposed  Hysteuu  Kach  pilot  placed  a (‘heck  beside  each  component  he  thought 
was  easeutiaJ  to  make  the  voice  warning  system  ac!ccp table.  The  differences  in 
numbers  of  yesaential‘*  Judgments  for  the  different  components  were  highly  sig- 
nificant: (x*^  - 54,  df  6,  p < 0.005).  Clearly,  the  two  most  essential  compo- 
nents are  tlu»  voice  cancel  button  (65  percent)  and  the  visual  status  display 
(63  percent) . We  interpret  this  to  mean  that  pilots  want  voice  warnings  only 
if  they  can  cancel  them  and  only  if  they  have  a visual  status  display  that  will 
continue  to  make  the  warning  information  available*  Each  of  the  remaining  com- 
poueiits  received  some  ’hissential**  Judgments,  but  in  each  case,  from  less  than 
50  percent  of  the  pilots.  These  other  components  should  certainly  be  regarded 
as  desirable.  In  contrast,  the  voice  cancel  button  and  the  visual  status  dis- 
play have  to  be  included  in  any  voice  warning  system* 

Figure  11  also  supports  the  finding  that  pilots  want  to  be  able  to  cancel 
voice  warnings.  In  this  question,  they  were  asked  to  choose  among  several 
types  of  voice  warning  repetition;  77  percent  of  the  pilots  wanted  the  warnings 
to  repeat  until  they  pressed  a cancel  button  or  the  problem  was  corrected, 
whichever  happened  first.  This  compares  to  c^nly  19  percent  who  wanted  the 
warnings  repeated  a fixed  number  of  times  — ’ once,  twice,  r three  times  — and 
a mere  4 percent  who  thought  voice  warnings  should  be  noncancellable . These 
differences  were  highly  significant  by  tests  (x^  44.8,  df  « 2,  p < 0.001). 

The  pilots  as  a group  expressed  no  strong  preference  on  the  question  con- 
cerning the  effect  of  warning  urgency  on  the  type  of  voice  warning  repetition. 
Figure  12  shows  that  39  percent  of  the  pilots  thought  the  type  of  repetition 
should  depend  on  urgency  level,  while  61  percent  thought  urgency  should  not 
aff(*ct  the  repi^tition  of  voice  warnings.  This  difference  was  not  significant 
as  l:<*sted  by  the  50--Percent  Pia^bability  test  (x  - 18,  n 46,  p > 0.10)* 

(Four  pilnts  did  not  respond  to  thiii  (juestion.)  Those  pilots  who  felt  voice 
warning  repetition  should  depend  on  warning  urgency  wanted  more  repetitions 
and/ur  more  stringent  cancellation  conditions  for  high  priority  warnings  than 
for  Lower  priority  warnings. 


Tlic  pi'  iiliui  piU'i!  Uif-'Ir  pri'lcTcncPH  for  tliP  ufx'f-;  of  volcp  warn  Inf ',h 
(fif>,  J I) , I'lnif,  (In'  nnmlH'r  of  p;l  lotn  who  rtinpondotl  /if  flriivtf  Ivoly  io  one  or 
rooro  of  flio  pi  opoHoil  unoH  for  volix*  - /lU'rtl’ii', , iipocJfJc  prohlom,  limm'ill /ito 
.u,’(;loii,  or  "othor"  ■ - w/m  ooiiip/trod  to  tho  nutnbor  of  pJlotn  who  rcHpondod  "don't 
ufic"  woh.'o.  Thill  t’/ivo  II  r/itJo  of  jiilotii  roupomlliif,  of f Irmativoly  to  only 
3 pi  lotn  ronpondlnf,  "don't  niio,"  Thlii  dlficrcnco  wan  hJf.hJy  nlp,ntf  I cant  an 
toiitod  l.y  tho  ')0' I'orcont  I'rohalrl  1 1 ty  toat  (x  ® 3,  n 46,  p •'  0.002),'**  Note 
thnt  tho  h-’poreont  "don't  uho"  ronponnon  comparu  roughly  witli  tho  ronpoiiHon  to 
tho  proponod  voloo  warning  nyMtoiii  whuro  18  poroont  of  tlio  50  pllota  ronpondod 
"no."  Thin  o/in  Ito  (;d<on  an  an  IntornaJ  croanchock  of  the  earlier  finding  that 
pilota  gunerally  are  In  favor  oi  the  cudccpf  of  voice  warningti. 

A threc'-way  cotiipariBon  of  pilot  affirmative  reaponaea  to  the  three  proposed 
tuiu.tions  of  voices  -•  alerting,  tell  specific  problem,  and  tell  immediate 
actions  — also  resulted  in  significant  differences  in  preferences  (x^  “ 6,75, 
df  ■=‘2,  p 0.05).  Mostly,  the  pilots  wanted  voice  warnings  to  tell  them  the 
specific  problem  (78  percent).  In  addition,  64  percent  wanted  an  alerting  word 
such  as  "warning."  Only  36  percent  wanted  to  be  told  immediate  action  items. 
Under  "other"  uses  (12  percent),  suggestions  were  made  by  a few  pilots  that 
checklist  items  or  immediate  action  items  should  be  available  on  demand  by 
voice  or  CRT  display.  These  responses  imply  that  a voice  warning  format  con- 
sisting of  an  alerting  word  followed  by  a statement  of  the  specific  problem 
would  be  acceptable  to  most  pilots. 


Age  and  Position  Flown 

Neither  age  nor  position  flown  resulted  in  significant  differences  for 
acceptability  of  the  proposed  voice  warning  system  nor  in  the  pilot  ratings  of 
the  proposed  text  warning  systems.  Fisher's  test  for  differences  between 
younger  (21  to  40  yr)  and  older  (41  to  60  yr)  pilots  for  the  number  of  "yes" 
and  "no"  responses  to  the  voice  warning  system  yielded  a=5,  b=3,  c<=19, 

d « 23,  and  p > 0,05.  Similarly,  a test  for  position  flown  (captain,  first 
officer,  or  flight  engineer)  by  number  of  "yes"  and  "no"  responses  yielded 
“ 1.09,  df  ■=  2,  p > 0.10. 

The  sums  of  individual  pilot  ratings  for  the  five  proposed  visual  text 
systems  were  also  compared  for  the  same  younger  and  older  pilot  groups  using 
Wilcoxon's  sum  of  ranks  test  (n^  = 16,  nj^  ® 16,  ng  “ 24,  R = 305,  z «=  0.63, 
p > 0.10).  And,  finally,  a 3 >«  2 comparison  of  position  flown  by  low  (7  to  13) 
versus  high  (14  to  19)  sums  of  ratings  for  the  proposed  visual  text  systems 
resulted  In  no  significant  effect  for  position  flown  (x^  ® 4.45,  df  = 2, 

p > 0.10). 


*^Kuur  of  the  50  pilots  did  not  respond  to  this  item.  Assuming  they  had 
checked  "don't  use"  the  ratio  of  43:7  would  still  have  been  significant  at 
the  0.002  level. 
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Soranntii’  Dlfforcntlnl 


The  (mnlynlfi  of  pilot  ronponnoo  to  the  nomnntlf^  hll  Ifrciiil.il  olim  i cvc.dt'd 
Btrong  ngroomont  nmong  pllotn  rognrding  tho  Itutturcn  of  (In-  ill i fcrtiii  w;tnilii)> 
concoptfl.  For  thono  rondorn  unfnmiUnr  with  thin  Innt  rnnicn) , the  <■ 

dlfforcntlni  In  n tcchnlquo  plononrod  by  Ongood  In  Iffi/  (fid  . H) . It  In 
gonornlly  unoful  for  finding  related  eonceptn  In  a dlvenie  col le»( Ion.  in  nne, 
each  concept  or  Itom  to  bo  Judged  Ifl  placed  at  the  (op  of  a page  wlileh  Imn  a 
number  of  polar  oppoalto  acnloo.  Tho  concoptn  uned  here  w(.'re  fill  wfiniing, 
related  Itoraa  (table  VI).  Tlio  acaloB  are  Hhown  In  table  VII.  I'oibleein  were 
given  a 19-page  booklet,  1 page  of  Inutrucllenn  and  IH  pagen,  ofieli  wllh  one 
concept.  They  placed  an  X on  eucli  ‘/-point  ncale,  e lonej  to  une  ol  I he  pol.n 
opposite  adjectives  or  tho  other,  depending  on  the  one  they  lell  the  eoiecpt 
was  most  closely  related  to.  If  It  was  unrelated,  or  related  to  hoih  /id,|eei  .1  ven 
by  the  same  amount,  they  placed  an  X In  the  middle  space  on  tin-  scfile. 

Data  from  the  semantic  differential  arc  usually  anaJys'.ed  several  w/iyn. 

The  analyses  presented  here  Involve  mean  responses  ol  ail  pilots  on  I'ach  scale 
for  each  concept.  Two-way  comparisons  between  pairs  of  warning  concepts  fire 
shown  in  figures  lA(a)  through  (g).  Figure  14(g),  for  oxainple,  shows  tluit 
when  "VASI  lights"  is  compared  to  "Whoop,  whoop,  pull  up,  pull  up,"  tlie.  lights 
are  less  startling,  more  informative,  far  more  beautiful,  more  valuable,  more 
passive,  far  more  quiet,  and  far  more  soothing.  Thu  useful  conclusion,  then, 
is  that  to  startle  and  annoy  one  would  use  "whoop,  whoop,  pull  up."  To  present 
Infoirmatlve  unobtrusively,  one  would  use  VASI  lights. 

Further  use  of  the  semantic  differential  for  evaluation  of  o.xperimental 
cockpit  warning  systems  seems  warranted.  Factor  analysis  teohnlqu,*s  fire 
expected  to  extract  groups  of  warnings  that  have  similar  values  on  the  17  polar 
opposite  scales  and  to  determine  how  factors  such  as  evaluation,  utility,  and 
intensity  characterize  the  different  types  of  warnings.  The  aim  is  to  standard- 
ize a set  of  semantic  differential  scales  which  could  be  used  to  characterize  a 
new  warning  system  in  relation  to  existing  systems  merely  by  having  pilots  fly 
a simulation  of  the  new  system  and  then  fill  out  a semantic  differential 
booklet. 


CONCLUDING  REMARKS 

Several  conclusions  can  be  drawn  from  the  data  analyzed  and  presented.  It 
was  shown  that  preferred  warning  methods  depend  on  urgency  or  priority  of  the 
warned  condition,  and  that  false-alarm  rate  has  a major  Impact  on  the  preferred 
presentation  mode.  For  example,  these  data  would  indicate  that,  ll  fi  system 
has  an  Inherent  high  false-alarm  rate,  a visual  warning  method  such  ;is  l ibeli-d 
lights  or  a CRT  is  preferable  to  any  audio  system.  If  fi  low  faUio-al.irm  r.ite 
can  be  achieved,  the  audio  systems,  particularly  voice,  are  prefer;ibli-  to 
visual  systems  for  high  priority  warnings. 

It  can  be  Inferred  from  these  data  that  pilots  would  like  fi  limited  pri- 
ority assignment  scheme,  that  all  warnings  which  are  current  fdionld  l>e  displiyed 
somewhere,  and  that  the  pilot  should  decide  the  course  ol  .utlon  r.ilher  than 
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boing  told  whnt  to  do,  llow«'Vor,  within  thono  brond  guldollnon,  much  morn  work 
munt  bo  dono  to  d(*flmt  the  priority  nonlgnmont  nchrmion  nnd  to  optlrolr.r*  tho 
wnrnlnp,  dlnplnyn,  Cnndldnto  nchoroort  and  dlapJayn  munt  bo  thoroughly  toatod  In 
almulatlonn  and  In  flight  boforn  they  aro  rocommondod  for  alrJlno  uao. 

It  haa  alno  boon  ahown  that  proforrod  cancollatlon  optlona  dopond  on 
whothor  tho  warning  la  audltoryi  vln»ml,  or  tactllo,  aa  wolJ  an  on  tho  priority 
or  urgency  of  th<'  warning.  Tho  data  in  figure  3 will  aJlow  a choice  of  the 
preferred  cancel, latlon  option,  given  the  priority  and  warning  mode. 

Finally,  tho  roaultn  of  thia  atudy  nhow  that  a ayatematlc,  ubjoctlve  mca- 
auremont  of  pilot  prcforoncee  for  warning  oyatem  denign  revealo  conoiotency 
and  otrong  agrooroont  among  thin  oiunple.  of  .line  pllota.  Wlille  tho  uoor  cannot 
entirely  dictate  the  aystem  doalgn,  oapeclally  in  airline  cockplta  where  regu- 
latory and  cout  ccmaldoratlono  arc  so  important,  it  would  seem  useful  to 
Include  input  from  exporionuod  line  pllota  in  the  development  of  aircraft 
warning  aystoma  for  civil  transport  aircraft.  The  aubjccts  whose  collective 
opinio'  la  represented  by  the  date  proaented  here  have  much  and  varied  experi- 
ence dying  in  different  environments  and  aircraft  types,  and  this  should  be 
given  duo  regard  in  the  design  of  future  warning  syatema. 
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TAULK  l,~  BACKGHOUNU  Al'IU  liJiPlilUENCli  OF  50  HLOTO 


ppsmONS.  FLOWN 

AIRLINFr. 

JJOUTFS.FE,OWN, 

CAPTAIN  13 

AMERICAN 

n 

INTERNATIONAL 

FIRST  OFFICER  30 

PAN  AM 

8 

OOMtSTIC 

FLIGHT  ENQINELH  14 

UNITFO 

7 

SHORT  HAUL 

OTHER  3 

WESTERN 

b 

CHARTER 

1 LYING  IKiCRS 

4 

EREIGHT 

TWA 

2 

1 ERHY 

HUGHES  AIR 

1 

UIRDAIR 

1 

OTHtR/^URLOUOH  ?. 


AGC  (yt) 

YOUNQCST  MEAN  OLDEST 
27  41.3  60 


TOTAL  TIME  (hf) 
LEAST  MEAN  MOST 
500  9,300  30,000 


TABLE  II.-  URGENCY  SCALE  USED  IN  QUESTIONNAIRE 


LEVEL 

TYPE  OF  PROBLEM 

1 

IMMEDIATE  ACTION  REQUIRED  BY  CREW  TO  SAVE 
AIRCRAFT 

2 

IMMEDIATE  ACTION  REQUIRED  BY  CREW  AS  SOON 
AS  AIRCRAFT  IS  STABLE 

3 

ACTION  REQUIRED  AS  SOON  AS  TIME  AVAILABLE 

4 

ACTION  REQUIRED  LATER  IN  THE  FLIGHT' 
FLIGHT  PLANNING  MAY  BE  AFFECTED 

5 

ABNORMAL  EVENTS  SIGNALED  FOR  INFO  ONLY; 

NO  ACTION  REQUIRED  MAY  AFFECT  FLIGHT  PLANNING 
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TAIILK  UI.-  WAKNlNfi  Ml-ITIIODfi  Af!  )J1;F.II)1:Ij  IN  QUJ.NTUtNNAi RK 


TYPE 

tXAMI'l  I S 

MUSICAL  SOUNDS^ 

TONES,  CHIMES,  CHORDS 

OTHER  NON 
SPLEGH  SOUNDS 

HI  I.LR.  CLACK!  RS,  HORNS,  RIM^t  HS 

VOICE 

ELECTRONIC  SPEECH  (LIKE  HAL  IN  ?0()1 
OR  LIKl  OPW8  VOICE) 

LIGHTS  WITH 
LABELS 

LIGHTS  WITH  PRINTED  LABELS,  ALL 
COLORS,  HTCADY  OR  FLASHING 

UQHT8  WITH 
NO  LABELS 

RAINTWLABtLEO  LIGHfsTA^  COLORS; 
STEADY  OR  FLASHING 

TEXTl^TEiSAGEs'’ 

aIIphanumeric 

SCREEN  OR  AN  ALPHANUMERIC  DISPLAY 
BLOCK 

Tlaqs' 

"me^anIcal  flags  iN  flight  instrumeFtsT” 

DISPLAY  COVERS,  DOLL'S  EYES 

TACTILE 

STICK  SHAKERS,  RUDDER  SHAKERS,  SEAf 
BOUNCERS 

TABLE  IV.-  TYPICAL  PREFERENCE  GRID  FOR  WARNING  METHODS 
BO  FALSE  ALARMS  PER  1 REAL  ALARM 


URGENCY  LEVEL 

MUSICAL 

SOUND 

1 

OTHER 

SOUND 

2 

VOICE 

3 

LABELED 

LIGHT 

4 

UNLABELED 

LIGHT 

5 

TEXT 

MESSAGE 

6 

FLAG 

7 

TACTILE 

8 

1 IMMEDIATE  ACTION 
TO  SAVE  AIRCRAFT 

2 IMMEDIATE  ACTION 
AFTER  AIRCRAFT 
STABLE 

3 ACTION  WHEN 
POSSIBLE 

4 ACTION  LATER 

8 NO  ACTION/ 
INFORMATION 
ONLY 
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TAIJLIi  V.-  PRKPKKKNCH  GRID  USED 


FOR  FEASIIINO/NOT  FEAfUlING 


AND  AUDIO  AEERT  QUESTION 


WARNING  SYSTEM 

1 

IMMEDIATE 

ACTION 

2 

ACTION 

WHEN 

STABLE 

3 

ACTION 

WHEN 

STABLE 

4 

ACTION 

LATER 

B 

INFO 

ONLY 

WARNING  ON  BOTTOM  LINE  OF 
CRT-  ^NOT  FLASHING 

WARNING  ON  BOTTOM  LINE  OF 
CRT-  -FLASHING  S/sec 

■ 1 

WARNING  ON  WHOLE  CRT  SCREEN- 
-NOT  FLASHING.  BUT  WHATEVER  WAS 
DISPLAYED  BEFORE  IS  REMOVED 

WARNING  ON  WHOLE  CRT  SCREEN- 
-FLASHINQ.  AND  WHATEVER  WAS 
DISPLAYED  BEFORE  IS  REMOVED 

SINGLE  lInE  OF  12  3/4'' HIGH 
ALPHANUMERICS-  -NOT  FLASHING 

SINGLE  LINE  OF  12  3/4"  HIGH 
ALPHA'.UMERICS-  -FLASHING  3 
TIMES/sec 

TABLE  VI.-  SEMANTIC  DIFFERENTIAL 
CONCEPTS  USED 


Altitude  alert  tone 
3/4-ln. -square  yellow  light,  flashing 
3/4-in, -high  alphanumeric  display, 
not  flashing 

3/4-lu. -diameter  red  light,  flashing 
3/4-ln, -square  yellow  light,  not 
flashing 

Synthesized  speech 
3/4-ln, -diameter  red  light,  not 
flashing 

3/8-ln,-high  lettering  on  a CRT 
Whoop,  whoop,  pull  up,  pull  up 
ATC  controller 

Mechanical  flag  in  glides lope 
indicator 
Engine  fire  bell 

3/8-ln,  blue  light,  not  flashing 

Stick  shaker 

SEL  CAL  tone 

VASl  lights 

REIL  lights 

Gear  horn 


TABLE  VII.-  SEMANTIC  DIFFERENTIAL 
SCALES  USED 


Startling 

Tranqulllzlng 

Informative 

— 

Dls:ractlng 

Good 

Bad 

Ugly 

Beautiful 

Soft 

Hard 

Strong 

Weak 

Worthless 

Valuable 

Loud 

— 

Soft 

Unpleasant 

— 

Pleasant 

Hot 

— 

Cold 

Nice 

Awful 

Dark 

— 

Bright 

Active 

Passive 

Noisy 

— 

Quiet 

Safe 

Dangerous 

Alerting 

-- - 

Imperceptible 

Annoying 

— 

Soothing 

J 
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VISUAL  t AUDITORY 
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VOICE  WARNING 

PRIORITY  1 - ACTION  NOW 


1:50  1:1000 

FALSE-ALARM  RATE 


Voice  warning  — priority  1 cell  of  warning 
method  preferences  figure. 
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VOICE  WARNING 

PRIORITY  1 - ACTION  NOW 
PRIORITY  2 - ACTION  NOW 
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K CANCEL  BUTTON 

□ AUTOMATIC  AFTER 
5 seconds 

0 AUTOMATIC  AFTER 
10  seconds 

□ NONCANCELLABLE 

E3  DON'T  USE  THIS 
WARNING  METHOD 

□ NO  PREFERENCE 


A5  A10  NC  DU 
CANCELLATION  OPTION 


Figure  4.-  Voice  warning  — priority  1 or  2 cell  of 
cancellation  options  figure. 

(%)  VISUAI  niSt'l  AV 
ISPKIMARY 


Figure  5.-  System  logic  preferences. 
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AFFIRMATIVE  RE^ONSES 


1 2 3 4 D 

PRIORITY  OP  WARNING 

NOT  FLASHING  FLASHING 

"SINULE  IINE  OE  TWELVE  3/4  " HIGH  ALPHANUMERICS  . , 

Figure  8.-  Preferences  for  sliTglc*  line  of  alphanumerics 


NO  PRIOR  VOICt  WARNING  AFTLM  VOICE  WARNING 
QUEST  N 25  DEMON  25 

Figure  9.-  Pilot  acceptability  of  proposed 
voice  warning  nyoLoui. 


SYSTEM  COMPONENT 


VISUAL  STATUS 
DISPEAY 

VOICE  CANCEL 
BUTTON 

REPLACE  ALL  AURAI- 
WITH  VOICE 

VISUAL  ON/OPF 
OPTION 

DIFFERENT  WORDING 
EACH  HAZARD 

SPEAKER  AVC 


HEADPHONE  AVC 


PERCENT  OF  “ESSENTIAL"  JUDGMENTS 


Figure  10.-  Percent  of  "essential"  judgments  for 
each  component  of  pioposed  voice  warning 
system. 
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Figure  11.-  Pilot  prcforrncoM  for  repetition 
ot  vo.io(‘  wnrningM,  N ~ 50. 
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REPETITION  OF  WARNINGS  SHOULD  DEPEND  ON 
URGENCY-PRIORITY 


PCRCCNTOF 

PILOTS 


Figure  12,-  Percent  ol  "yes"  and  "no"  reuponses  for 
question  regarding  effect  of  warning  urgency  on 
preferred  type  of  voice  warning  repetition. 
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Figure  13#"^  Pilot  pret erencen  lor  ubob  of  electronic 
voice  in  cockpit. 
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Figure  14.-  Continued 
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Figure  14 Concluded* 
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